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Abstract
Design for Safety: Characterization of Structural Impact on
Lithium-ion Batteries
by
Mehdi Gilaki

The University of Wisconsin–Milwaukee, 2017
Under the Supervision of Professor Ilya Avdeev
The goal of this research is to develop a framework for design for safety of battery modules
used in EV/HEV applications. Such a framework can enhance the crash safety of lithiumion batteries by investigating prevailing failure mechanisms such as thermal runaway. The
problem involves different scales from module level to laminate level. The multi-scale nature
of the problem makes the analysis computationally complex and expensive. Furthermore,
because of the risk of explosion, a battery testing apparatus needs special safety provisions
making it difficult to test charged and ready-to-use battery cells. In this study, we have numerically investigated feasibility of using commercial explicit finite element code LS-DYNA
for accurate modeling of impact on one cell so it can be used for an entire battery module. A
jellyroll, the main component of a cylindrical cell, is a layered spiral structure which consists
of thin layers of anode, cathode and separator. Because modeling hundreds of individual layers would be computationally expensive for a multi-cell model, two homogenization methods
have been developed for the jellyroll in the lateral direction. Various types of experiments
have been conducted on jellyroll layers to characterize their mechanical properties under dry
and saturated conditions as well as their strain-rate dependence. For the cell level impact
tests, cells without electrolyte have been used to eliminate the risk of fire. Two types of
impact tests have been conducted on cylindrical cells using a drop cart in a custom-built
drop test apparatus: lateral impact between flat plate and rod impact based on the UN DOT
38.3 requirements. Quasi-static indentation tests using a rigid rod was also performed on
ii

batteries with horizontal and vertical terminals orientations to characterize their behavior
under steady loads. Mechanical deformations of the cells were studied experimentally using
computed tomography scans and optical microscopy. Two homogeneous and heterogeneous
finite element models were developed in LS-DYNA to simulate impact and indentation experiments. Simulations were validated by experimental results. A multi-scale framework
was also proposed to simulate impact on PM12-JCI battery modules. The multi-scale process involved an initial impact simulation on battery module containing twelve homogeneous
6P-JCI cells and a subsequent simulation on a heterogeneous jellyroll model. The proposed
multi-scale process can be developed further to simulate impacts on an entire battery pack.
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Chapter 1
Introduction

1.1

Motivation

Lithium-ion batteries are used in variety of applications from small electronic devices,
cell phones and laptops to electric vehicles [1] and even energy storage systems [2]. Increased
usage of lithium-ion batteries in automotive applications makes it necessary to understand
their mechanical behavior under extreme loading conditions, such as mechanical impact.
Although various safety mechanisms have been implemented in individual lithium-ion cells
as well as entire battery packs based on the thermal state of the battery [1, 3], there is still
a need for better understanding of battery response to extreme loading, which increases the
risk of short circuit and subsequent thermal runaway or fire. In 2011 the National Highway
Traffic Safety Administration (NHTSA) crash tested a Chevrolet Volt electric vehicle. Three
weeks later the car caught fire in a storage lot [4]. NHTSA investigated the incident and
believed that intrusion of the transverse stiffener into the battery compartment and leakage
of coolant solution onto the energized battery components initiated the short circuit and fire
(Fig. 1.1) [5]. In 2013, three Tesla Model S sedans caught fire after being in high-speed
accidents (Figure 1.2) [6]. Even though the risk of catching fire is much higher for gasoline
vehicles, a fire in a battery powered vehicle gets a lot of attention for various reasons such
as fear to a new technology [7]. The concerns regarding lithium-ion batteries catching fire
are not limited to electric vehicles. There were many reports of Samsung Galaxy Note7
explosions in the news in 2016 (see Fig. 1.3). A teardown of a Note7 revealed that the
phone was designed so that the lithium-polymer battery was tightly packed inside the case
to maximize battery capacity (Fig. 1.4). Pressures due to normal battery swelling or high
1

stresses during normal use would squeeze battery electrodes, causing a short circuit followed
by a thermal runaway [8].

Figure 1.1: A Chevrolet Volt car before and after fire incident [5].

Figure 1.2: Third Tesla Model S catches fire after hitting road debris [6].
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Figure 1.3: An exploded Samsung Galaxy Note7 smartphone (Credit:Crushader/reddit).

Figure 1.4: Extremely tight battery clearances for Samsung Galaxy Note7 [8].

3

The goal of this study is to develop a framework for battery pack design-for-safety. Such
a framework can improve the crash safety of lithium-ion battery packs by investigating
prevailing mechanisms of failure as well as identifying existing design parameters and new
design concepts that lead to predictable battery response to catastrophic events. In order
to design batteries considering safety issues there are several problems that need to be
addressed:
• Multiscale nature of the problem
• Multiphysics nature of the problem
• Prohibitive cost of experiments
• Computational complexities

1.1.1

Multiscale Nature of the problem

Prediction of the behavior of lithium-ion battery packs under abnormal conditions is a
multiscale problem; that is, as Fig. 1.5 illustrates, it should be studied in different levels
from pack level to laminate level because for example, a crushed battery pack or cell can
lead to thinning of separator layers inside a cell which in turn can cause an internal short
circuit followed by a thermal runaway that propagates to the whole battery pack.

1.1.2

Multiphysics Nature of the problem

In addition to being a multiscale problem, lithium-ion battery failure is known to be a
multi-physics phenomenon as it involves electrochemical, thermal and mechanical processes
and events. Thermal runaway, the most critical failure mode associated with lithium-ion
batteries, may be caused by severe mechanical damage, internal cell faults or it can be a
result of problems involving charge, discharge and battery protection devices.

4

Figure 1.5: Various levels in safety analysis of lithium-ion batteries: (a) pack, (b) module, (c) cell
and (d) laminate levels (scales in m).

1.1.3

Prohibitive Cost of Experiments

Considering the complexity and all of the various parameters that affect the safety of
lithium-ion batteries, one of the most reliable methods to investigate the behavior of batteries
is to perform experiments. However, conducting experiments such as impact tests on battery
packs is not applicable because each pack consists of hundreds of cells which make the
experiments very costly. Furthermore, because of the risk of explosion, the testing apparatus
needs special safety provisions. Thus, generating a battery pack model that simulates the
behavior of batteries under various conditions is desirable. Such a model would help to study
the effects of different parameters influencing the problem while minimizing the cost.
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1.1.4

Computational Complexities

Because of the complexity of the battery model, the analysis will be computationally
expensive in terms of solution time and CPU resources. That is because individual layers
forming the jellyroll are very thin (< 75 µm) and incorporating these layers in the model
increases the total number of elements and decreases the time step size. Even if we neglect
modeling individual layers and consider a homogenized material for the jellyroll, the pack
model will be very complex as it includes hundreds of cells. Also, we need to define contact
between all adjacent cells. Therefore, high-performance computing techniques need to be
used for the simulation to achieve the desired results.

1.2

Background

Prior studies on lithium-ion batteries can be categorized based on various criteria such
as battery safety, scale (layers, cell, module or pack), domains of the problem (structural,
thermal, electro-chemistry, multi-physics) and etc.
Safety is one of the most popular research topics on lithium-ion batteries. These batteries combine highly energetic materials with a flammable electrolyte - a system that under
thermal, electrical or physical abuse conditions can trigger heat-evolving reactions and gas
release that can subsequently cause fire or explosion. Recent reviews of safety mechanisms
on the cell level adopted in commercial LIBs [3]. Doughty and Pesaran [9] identified several techniques that improve battery safety, such as safety vents, shutdown separators, less
flammable electrolytes, PTC elements and redox shuttle mechanisms. However, pushing the
boundaries of current technology to higher energy densities and new active materials will
require reevaluation of battery safety [9]. Considerable research efforts had been aimed at
experimental measurements of thermal runaway (TR) onset temperatures and energetics of
thermally induced failures of lithium-ion batteriess, such as differential scanning calorimetry
(DSC), accelerating rate calorimetry (ARC), VSP2 adiabatic calorimetry, C80 calorimetry,
6

oxygen consumption calorimetry and copper slug battery calorimetry (CSBC) [10]. Various
experimental and numerical studies of thermal runaway propagation from cell to cell showed
that the thermal abuse tolerance of a pack is extremely sensitive to the exothermic cell behavior [11, 12]. The thermal runaway mechanisms are also sensitive to the cell shape and
configuration [13]. Penetration induced thermal runaway in a battery pack under various
heating conditions showed that it happens when the TR onset temperature is reached at any
point in the pack and it also leads to large maximum temperature difference of 593-792C [14].
Overheating induced thermal runaway studies showed unpredictability in thermal runaway
propagation and energy/gas release [15]. Thermal runaway is a result of complex electrochemical, materials activity and interactions, discharging rate, packaging and so on. Recent
comprehensive review of modeling methods [16] found that thermal runaway mechanisms
and prevention measures, including BMS (comprehensive review of state-of-the-art can be
found in [17–20]) need to be understood and developed further, especially for the EV and
HEV applications. Comprehensive experimental evaluation and review of various separator materials from a safety point of view can be found in [21]. Numerical characterization
has evolved from thermal [22] to thermoelectrochemical [23] abuse models to coupling with
internal short circuit macro models [24]. Recent experimental (compression, impact, CTcharacterization) and numerical (FEA) studies of mechanical response of separators [25–27]
and cells [28–31] advanced our understanding of failure initiation mechanisms, but more
work has to be done to couple these results with thermoelectrochemical models both on the
cell and the pack levels.
There have been studies focusing purely on electrical aspects of lithium-ion batteries.
Lu et al. [17] studied the composition of the battery management system (BMS) and its
key issues such as battery fault diagnosis and etc. Lam et al. [32] developed a circuit
based model for electric vehicle applications and were able to predict the behaviour of a
cell under various conditions. Many researchers studied the chemistry of electrodes, anodes,
cathodes and electrolyte solutions [33, 34]. Various aspects of heat transfer and thermal
7

modeling of lithium-ion batteries have also been investigated in the literature [35–39]. These
studies include a broad area from thermal characterization and measurements [40–43] to heat
management and cooling systems [44–48] and thermal runaway [16, 49, 50] in lithium-ion
cells and packs. Numerous analytical and numerical thermal models have been proposed
for lithium-ion batteries [23, 51–63]. In order to predict the onset of short-circuit under
mechanical abuse conditions, there have been studies combining mechanical, electrical and
thermal domains using a multiphysics modeling approach [64–67]. Multiphysics modeling
can also provide valuable information regarding heat generation inside battery cells using
both analytical[68–70] and numerical approaches [71–74].
Previous research on structural analysis of lithium-ion batteries can be categorized in
three groups: laminate level, cell level and pack/module level. In the laminate level, studies
have been conducted on characterization of various types of separators, because of their important role in safety and durability of lithium-ion batteries. Roth et al. [75] investigated
abuse response of lithium-ion cells consisting of two commercially available single-layer and
three-layer separators and showed that the separator plays a significant role in the overall
abuse tolerance of these cells. Sheidaei et al. [26] characterized a single-layer polypropylene
separator under tension in machine and transverse directions. They conducted tensile, creep
and frequency sweep experiments and showed that the mechanical properties are lower in
the case of wet separator. A similar study was reported by Avdeev et al. [27] on a tri-layered
polymer separator. They conducted Dynamic Mechanical Analysis (DMA) experiments on
both dry and saturated membranes in two perpendicular directions and observed that temperature significantly decreases strength and Dimethyl Carbonate (DMC) electrolyte induces
greater compliance. Even though they experience repetitive compressive loads during charge
and discharge expansion of anode and cathode electrodes, very few studies have been reported
on compressive properties of separator membranes. Cannarella et al. [76] used a universal
tensile/compression testing machine to find the mechanical properties of a single-layer microporous polypropylene separator over a range of strain rates. They found out that the
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softening effects due to DMC solvent are less significant in compression than in tension. To
study the role of separator compression due to swelling of electrodes on battery performance,
Gennady et al. [77] developed a model for predicting the elastic response of a commercial
separator at various strain rates. They showed that by combining viscoelastic behavior of
the polymer skeleton and poroelastic behavior resulting from the flow of fluid in the pores,
the response of the separator can be determined. A comprehensive study to characterize
mechanical properties of two types of separators was performed by Zhang et al. [78, 79].
They identified separators’ failure modes and also proposed a criterion for onset of soft short
caused by a separator layer. Kalnaus et al. [80] also investigated failure mechanisms and
mechanical behavior of three types of separators under tensile loads. In addition to separator layers, lithium-ion battery electrodes have also been characterized in the literature[81].
On the cell level, finding an accurate constitutive model for the jellyroll has always been
a concern. Despite the nonlinear behavior of the jellyroll, various homogenization methods have been proposed in the literature to find its average mechanical properties. Greve
and Fehrenbach [82] developed a finite element model using pressure dependent isotropic
Raghava yield criterion as the constitutive model of the jellyroll and applied Mohr-Coulomb
criterion to predict fracture inside the jellyroll. Compression experiments were also used
to find average mechanical properties of the jellyroll as well as individual layers for pouch
cells [83, 84]. Sahraei et al. [85] used the aforementioned mechanical properties for cylindrical cells of similar chemistry. Classical laminated shell theory was used by authors to find
the homogenized material response of the jellyroll using a multilinear interpolation of the
strain-stress curve [86]. Wierzbicki and Sahraei reported a hybrid experimental-analytical
approach to find the average stress-strain properties of the jellyroll in a radial direction with
the assumption that the load was carried by a central rectangular part of the jellyroll under
the punch [87]. In a previous paper, the authors carried out a set of experiments on flattened
jellyroll samples to find an average stress-strain relation for the jellyroll [28]. Wang et al.
[88] also characterized jellyroll’s mechanical properties for a cylindrical cell. There have also
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been simulations where all the individual electrode/separator layers have been included in
the model [29, 89]. Chatiri et al. [90] used the LS-DYNA layered thick shell formulation
to model the thin layers of the jellyroll. However, this formulation does not seem to be
suitable for elements with high aspect ratios and models including soft materials such as a
polymer separator. A 2-D layered model was also analyzed by Kim et al. [91] to simulate
the expansion of jellyroll during charging. Although transverse loads on battery cells seems
to be the focus on most of the published research, axial compression on cylindrical batteries
have also been studied [92]. Marcicki et al. [93] proposed a simulation framework for impact
modeling of battery cells using LS-DYNA. Effects of road-induced vibrations on durability of
lithium-ion batteries were also investigated by Hooper et al. [94–96]. Luo et al. [97] studied
pouch cells under indentation loads and indentified internal short circuit mechanisms. Pouch
and elliptical cells were also impact tested by [98]. Their results indicated that test speed
and presence of electrolyte significantly changes the critical force. Tsutsui et al. [99] realized battery’s state-of-charge and deformation rate affect cell’s stiffness. In the pack level,
because of the complexity of the problem, homogenized mechanical properties of the jellyroll
must be implemented in the model. Xia et al. [100] developed a methodology for analyzing
damage of cells and battery packs due to ground impact.

1.3

Approach

Despite the valuable studies that were mentioned on lithium-ion batteries, no published
research was found on 3-D simulation of impact on larger lithium-ion cells that accounts for
individual jellyroll layers using solid elements. Such a simulation will help find the potential
locations where separator thinning can lead to short circuit and thermal runaway.
Dealing with energy storage devices and especially lithium-ion batteries, various aspects
need to be considered in a design process (see Fig. 1.6). First of all, suitable design variables need to be considered to satisfy all the governing constraints including manufacturing
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processes. Also, one of the factors that play a big role in energy storage devices is sustainability and how environmentally friendly they are. Finally, a key aspect of any energy
storage device including batteries is safety which is the topic of this study. Safety needs to
be addressed at the cell, module and pack levels. Failure at one level can quickly spread to
more severe failures at a higher level. Safety cannot be evaluated by one criterion or parameter. Qualitatively, we can improve safety by: (a) reducing probability of an event and
(b) lessening the severity of outcome, should an event occur [101]. There have been studies
on failure modes, safety and reliability of lithium based batteries. Levy [102] has proposed
some approaches to study and improve the reliability and safety of lithium batteries and
also some considerations about handling and disposal of the batteries. Manuel and Maurer
[103] performed a fault tree analysis on a large spacecraft battery. They found the reliability
of the battery module for a single spacecraft mission and also for one-month storage of the
battery. Fouchard and Lechner [104] have described a number of failure modes for secondary
lithium batteries and have formed fault tree diagrams with venting incident as the top event.
Eom et al. [105] conducted different safety abuse tests and performed a life prediction on
lithium batteries using a Weibull distribution. For the case of lithium-ion batteries, thermal
stability is probably the most important parameter that affects safety in cells, modules and
battery packs. Typical failure modes of lithium-ion batteries are [9]:
• Thermal abuse
• Physical damage
• Charge and discharge failures
• Short circuit
Various safety devices such as current interrupt device (CID), positive temperature coefficient (PTC) and etc are incorporated into cells, modules and battery packs to protect
against abnormal conditions. These safety devices are one of the reasons for the safe operation of cells and battery packs in the field [9]. However, even with all of these safety
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Figure 1.6: Battery pack design aspects.

provisions, many failure mechanisms can lead to thermal runaway and fire. Most of these
failure modes include some kind of internal or external short circuit especially for the case
of crash or impact. In order to find the potential failure regions of a lithium-ion battery, a
multiscale framework is developed for explicit finite element simulation of battery packs (Fig.
1.7). In this framework, using highperformance computing techniques, a battery module is
first analyzed to find the critical cell or cells. The analysis is then continued in a lower level
with a higher accuracy. In the final stage, the behavior of the jellyroll can be studied in the
laminate level in order to find the critical regions with a high probability of separator failure
or internal short circuit.
This study is an attempt to investigate impact on 6P cylindrical lithium-ion cells (3.6
V/6.8 Ah, NCA/Graphite, 140×40 mm) and PM12 modules manufactured by Johnson Controls Inc. (see Fig. 1.8). A 6P cell consists of four major mechanical components (Fig. 1.9):
(1) a roll of active battery materials (anode, cathode and separator sheets) or a jellyroll, (2)
a center hollow aluminum tube, (3) an aluminum casing and (4) a polyetherimide spacer.
The cathode is made of aluminum foil coated with LiNiCoAlO2 active material on both
sides. The anode is made of graphite-coated copper foil, and a thin trilayer (PP/PE/PP)
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Figure 1.7: Multiscale simulation framework.

separator sheet was used to keep them apart.

Figure 1.8: (a) 6P cylindrical cell and (b) PM12 power module made by Johnson Controls Inc.
(Source: johnsoncontrols, 2015).

In a battery pack, the two prevailing impact modes on an individual cell are in: (1) lateral
and (2) lateral directions (Fig. 1.10). Considering the layered structure of the jellyroll, in the
lateral impact mode, jellyroll stresses will be mostly compressive and in the lateral direction
(normal to individual layers). Similarly, axial impact causes high compressive stresses in
axial direction and small stresses in other directions because of very small Poisson’s ratio of
the jellyroll.
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(a)

(c)

(b)

Figure 1.9: Cylindrical cell components: (a) casing, (b) jellyroll and inner tube, (c) spacer.

Figure 1.10: Two impact modes: (1) axial direction and (2) lateral direction.
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This research provides a framework for multiscale simulation of lithium-ion battery modules under impact loads. The focus of the present work will be on lateral impact mode
and also lateral impact by a rigid rod. To properly carry out this simulation, first jellyroll
will be characterized and homogenized using several different methods in Chapter 2. Stressstrain curves for individual jellyroll layers will also be characterized under dry and saturated
conditions. Chapter 3 will cover the conducted experiments in the cell level using a custom
designed drop test apparatus. Results from impact between rigid plates, impact using a rigid
rod and rod indentation experiments will be discussed. Post-processing the tested samples
using CT-scanning and microscopy will also be explained. Because impact testing live cells
(i.e. cells with electrolyte) needs serious safety provisions, dry cells will be impact tested
throughout this study and all of the simulations consider dry cells. However, the method
can be also applied to live cells. Cell level impact simulation process will be explained in
Chapter 4. Results from jellyroll characterization and homogenization will be incorporated
in 3-D homogeneous and heterogeneous/layered finite element models to simulate cell’s impact and indentation scenarios using commercial software LS-DYNA. Chapter 5 will discuss
the multiscale simulation process for PM12 module utilizing the developed homogeneous and
heterogeneous 6P cell models. Assembly of the module containing homogeneous cell models
will be solved to characterize their impact response. The most critical battery cell will be
chosen to be solved using the heterogeneous model which incorporates individual jellyroll
layers. Using this approach, thickness change of individual layers can be studied. Summary
of findings will be provided in Chapter 6.
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Chapter 2
Cell Level: Jellyroll Characterization/Homogenization

Because of the thinness of jellyroll layers (in the order of 25-70 µm, see Fig. 2.1), computationally, modeling each individual layer in the jellyroll during an impact is expensive
even for one cell, not to mention an entire pack. Thus, our objective was to replace the
heterogeneous jellyroll with an equivalent (mechanically) homogeneous material. In order to
determine an accurate homogenized material model for the jellyroll, two experimental approaches were considered: (1) a direct compressive uniaxial test of flattened jellyroll samples
and (2) homogenization using the principle of virtual work applied to cylindrical samples.
The jellyroll material behavior is nonlinear due to the fact that all individual layers forming
the jellyroll, i.e. anode, cathode and separator, exhibit nonlinear material behavior under
large strains[26, 87, 106]. Therefore, for finite element simulation purposes, a material model
has to be derived that accommodates nonlinear stress-strain curves in both radial and axial
directions. An isotropic material model of the jellyroll was considered. The stress strain
relation found from the homogenization of the jellyroll will be incorporated in jellyroll’s
material model in Chapter 4 and 5.

2.1
2.1.1

Jellyroll Homogenization
Direct Homogenization Using Flattened Jellyroll

Jellyroll samples were prepared by removing an original full length jellyroll from a dry
6P cell and cutting it into one-inch long cylindrical pieces (see Figure 2.2a). The samples
were then cut in radial direction and flattened after the inner aluminum tube was removed
(see Figure 2.2b). Figure 2.3 depicts a flattened sample under compression between two flat
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Figure 2.1: Jellyroll layers: coated copper, coated aluminum and separator layers.

rigid plates. Three samples were tested using an Instron 3369 universal testing machine,
and load-displacement curves were recorded for loads starting from 0 kN and reaching 52
kN (see Figure 2.4). It was assumed that only the rectangular area under the plates carried
the compressive load. Therefore, stress-strain curve could be calculated assuming a constant
cross sectional area. Figure 2.5 shows the stress-strain curves derived for the flattened
jellyroll samples. The concave-upward shape of the stress-strain curve suggests that there is
no visible yield strength and that the stress is considerably small for the lower strain values.
This can be attributed to the porosity of jellyroll layers that causes the material to be very
compressible with a small value of the Poisson’s ratio.

Figure 2.2: (a) A jellyroll sample with the metal core and (b) a jellyroll after being cut in a radial
direction.
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Figure 2.3: Flattened jellyroll sample under uniaxial compression.

Figure 2.4: Load-displacement of flattened jellyroll under compression (n = 3, relative SD =
1.2%).
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Figure 2.5: Stress-strain curves for flattened jellyroll samples.

2.1.2

Indirect Homogenization Using Virtual Work Principle

The direct homogenization method, presented earlier, requires extensive cell manipulations, which might not be feasible in many lab environments, especially when dealing with
live cells. An alternative homogenization method, based on virtual work principle, was first
proposed by Wierzbicki and Sahraei for commercial 18,650 cells [87]. In this chapter, we
report on extending this method to be applied to larger cells. The virtual work results are
then compared to data obtained from the direct method.
In this hybrid experimental/analytical approach, we find the stress-strain relation of the
jellyroll using cylindrical samples rather than flattened ones. It is assumed that during
crushing tests, the compressive load is mainly carried by the central rectangular area of the
jellyroll [87]. Load-displacement relation is obtained from compression tests of jellyroll pieces
in the lateral direction. The virtual work principle is then used to calculate an average stress
and strain in terms of the crush distance. Average stress and strain values can be calculated
as:
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σav =

2P (w)
πLw

(2.1)

w
2R

(2.2)

εav =

where P (w) is the crush load as a function of crush distance, w is the vertical displacement
of the plates, L is the sample length in axial direction, and R is the outer radius of the
sample (Fig. 2.6).
In order to be able to accurately calculate average stresses and strains in the jellyroll
samples, we had to enhance the formulation proposed in Ref. [87]. In this investigation, the
outer diameter of the 6P-JCI cell is about twice the size of an 18,650 cell. Consequently, the
inner diameter of the aluminum core is also larger. Furthermore, during lateral compression
tests of the jellyroll, it was observed that the load remains very small during the first stage of
the test until the inner hole closes. At this point, load starts to increase significantly as the
jellyroll carries the compressive load. In order to increase the accuracy of calculations, the
flat section of the load-displacement can be discarded. This means that the starting point
of the calculations changes accordingly, i.e. the initial geometry will be a smaller cylinder
with diameter equal to the distance between the flat plates when the load starts to increase
significantly (see Fig. 2.7).
In the original virtual work homogenization method for smaller cells, the cross sectional
area of the cylindrical sample that carried the compressive load, S, was assumed to depend
only on radius, R, and punch size, b [87]. However, for larger cells, the cross-sectional area
that takes the load is also a function of r, instantaneous radius of the semi circles in the
deformed jellyroll (see Fig. 2.8). This assumption significantly affects the results, especially
for larger strain values. Therefore, in this study the cross sectional area, S, is calculated as:

S = rb
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(2.3)

Figure 2.6: Schematics of crushed jellyroll; force and displacement.

Figure 2.7: Equivalent cross section for homogenized stress-strain calculations.
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Figure 2.8: Dimensions of crushed jellyroll.

The effective punch width can be calculated as:

b=

π
w
4

(2.4)

Therefore:
r =R−

2b
π

(2.5)

The effective loaded cross-section, S, can be found in terms of crush distance, w as:

S = rb =

π
π
Rw − w2
4
8

(2.6)

Average strain is calculated using the following integration over time [87]:

εav =

Z t
0

ε̇av dt =

Z t
0

π wẇ
dt
4 S

(2.7)

By substituting S from Eq. 2.6 into Eq. 2.7 and performing a change of variable, the
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simplified average strain formula is given by:

εav =

Z w
0

dw
2R
dw = ln(
)
2R − w
2R − w

(2.8)

By eliminating the crush distance from stress and strain equations, stress-strain relation can
be determined. Solving Eq. 2.8 for w, we obtain:

w = 2R(1 − e−ε )

(2.9)

In order to use the above calculations to estimate the homogenized mechanical properties,
a set of transverse compression tests on the jellyroll pieces was performed. The casing and
the aluminum core were carefully removed after the cell was cut into inch-long (in axial
direction) samples. The samples were compressed between two flat steel plates at a rate of
1 mm/min. Applied load and plate displacement were recorded during the experiments.

Figure 2.9: Load-displacement relation and its third order interpolation.
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The obtained load-displacement curve can be interpolated fairly accurately with a thirdorder polynomial function as shown in Fig. 2.9:

P (w) = Cw3

(2.10)

where constant C equals to 57 N.mm3 . By substituting Eqs. 2.9 and 2.10 into Eq. 2.1, the
average stress can be found in terms of average strain, which is depicted in Fig. 2.10.

σav =

2C
{2R(1 − e−εav )}2
πL

(2.11)

Figure 2.10: Stress-strain curves found from the two homogenization methods.

When comparing the results of the two homogenization methods in terms of the stressstrain curve of the jellyroll material, it can be observed that curves diverge at strains exceeding 0.1, with the difference in stress being as large as 22% for strains equal to 0.3 (see
Fig. 2.10). The difference can be attributed to the fact that in the virtual work method
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uniaxial state of stress is probably not a very accurate assumption, and there will be stresses
in both axial and radial directions because of the integrity of jellyroll layers. The presence
of an inner core also affects the accuracy of results. On the other hand, the stress-strain
relation found from the flattened tests is directly derived from the experiments. Besides,
the issues such as biaxial state of stress and inner hole will not be available in the case of
direct method. Therefore, it is believed that, direct homogenization is more accurate than
the virtual work approach.

2.1.3

Homogenization of Wet Samples

Because battery cells are filled with electrolyte, the stress- strain relation found from
dry jellyroll samples cannot be used to model live battery cells. Therefore, a second set of
experiments was conducted to determine how compressive strength of the jellyroll changes
while saturated in a common lithium-ion solvent.
The organic solvent, dimethyl carbonate (DMC), was selected because it is non-volatile
and is commonly used in lithium-ion batteries [27]. Using the same procedure as the dry cell,
three samples were prepared by cutting the jellyroll into one-inch long pieces. They were also
cut in the radial direction before being saturated in DMC electrolyte for 24 hours (see Fig.
2.11a). The testing procedure was identical to dry samples. Fig. 2.11b shows one of the wet
samples being compressed. The measured load-displacement curves for the three samples are
plotted in Fig. 2.11c. The mean value is very close to the curve extracted for dry samples,
however being more scattered, the standard deviation of saturated samples is larger (4.5%
compared to 1.2%) which can be due to the sliding of layers on each other that changes the
effective cross sectional area. The stress-strain relation is calculated for saturated samples
and is compared to the one found for dry jellyroll in Fig. 2.11d. Negligible difference between
the stress-strain relations of wet and dry jellyroll suggests that the presence of solvent does
not significantly affect the compressive mechanical properties of the jellyroll in the lateral
direction. Assuming the majority of load during impact is carried by the jellyroll [87], we can
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conclude that instead of live cells, dry cells can be tested to achieve a reasonable estimate
of how they will structurally deform under impact loads.

Figure 2.11: (a) Jellyroll samples being soaked in electrolyte, (b) Wet jellyroll sample under
compression, (c) Load-displacement curve for wet jellyroll samples under compression (n = 3,
relative SD = 4.5%) and (d) Stress-strain curve comparison for dry/wet jellyroll samples.

2.2

Characterization of Individual Jellyroll Layers

In addition to homogenized radial properties of the jellyroll, the strength of individual components was measured by performing lateral compression tests on stacks of coated
aluminum, coated copper and separator layers individually.
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2.2.1

Characterization of Anode and Cathode Layers

The samples were prepared by unrolling the jellyroll after being taken out of the cell
casing. Then, in order to assure a constant geometry among the samples, layers of anode
and cathode current collectors were cut along the perimeter of an aluminum template with
an X-ACTO knife. Each strip was 41 mm long and 26 mm wide. For each sample, 150
layers of identical materials were stacked carefully using a clamp, shown in Fig. 2.12a and
2.12b. Similar to jellyroll experiments, four anode/cathode samples were tested between two
steel plates using an Instron 3369 machine (see Fig. 2.12c and 2.12d). The samples were
compressed at a rate of 1 mm/min and the cross-sectional area under the punch was 607
mm2 . The measured load-displacement curves (Fig. 2.12e) were converted into stress-strain
curves of the individual components, shown in Fig. 2.12f. Comparison of the stress-strain
relations of coated Al and Cu electrodes shows that coated aluminum layers are almost twice
as stiff as coated copper layers. Considering the fact that copper’s bulk modulus of elasticity
is about 67% higher than that of aluminum, these results show that anode/cathode coatings
have a more important role in compressive strength of the jellyroll compared to the current
collectors.

2.2.2

Characterization of Separator’s Mechanical Response

The main function of a separator layer is to prevent physical contact and short circuit
between the positive and negative electrodes while promoting the movement of ions from one
electrode to the other during battery charge and discharge. In order to increase the safety,
most commercial lithium-ion batteries utilize a shut-down mechanism by using polyethylene
(PE), polypropylene (PP) or laminates of both materials as a separator. In case of a short
circuit inside a cell, when the polyethylene membrane reaches a temperature of about 130°C,
the shut-down function is obtained by closing the pores due to high temperature, stopping
the transport of ions and shutting the cell down. In many larger industrial batteries, a
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Figure 2.12: (a) Coated aluminum layers, (b) Coated copper layers, (c) Compression test of coated
aluminum sample, (d) Compression test of coated copper samples, (e) Measured load- displacement
curves and (f) Calculated stress-strain curves for aluminum and copper layers.
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trilayer separator is used where a polyethylene is sandwiched between two polypropylene
layers. Because the melting temperature of PP layers are higher, they will stay intact within
the shut-down temperature while PE layers will melt, closing the pores.
Because of the important role of separators on battery safety, it is crucial to understand
how they react to compressive loads that arise during crush accidents. Similar to aluminum
and copper compressive samples, stacks of separator layers were tested under lateral compression to obtain the stress strain relation and to observe how the separator’s microstructure
is changing under lateral load. Each sample consisted of 224 layers where each layer was cut
along the perimeter of an aluminum template with an X-ACTO knife fitted with a #2 blade.
The total thickness of the stack was 5.69 mm (see Fig. 2.13a) and a Steel plate with dimensions 24.6×23.9 mm was used to apply the compressive load as shown in Fig. 2.13b. Two
samples were tested using a TestResources universal testing machine with a clamp speed of
0.3 mm/min.
The recorded load-displacement relation is plotted in Fig. 2.13c. The load drop in the
curve is probably a sign of failure in one of the PP or PE layers, while the other layer can
still carry more load. The calculated stress-strain curve is compared to the results for coated
copper and aluminum in Fig. 2.13d. As expected, separator layers are significantly softer
than electrodes, hence will deform much more under compression. This means when the
battery is crushed in the lateral direction, there is a considerable chance of occurrence of
separator thinning which can lead to local failure and short circuit.
In order to see how the separator’s microstructure has changed after being compressed,
scanning electron microscope (SEM) images were used to look at the surface and cross section
of a separator layer. Fig. 2.14a and 2.14b compare a single layer’s surface SEM before and
after compression test. The surface SEM only shows the PP pores and it is clear from the
images that the pores have become significantly smaller when the PP layer is collapsed due to
compression. This can slow down or stop transfer of ions when the battery is crushed which
can in turn prevent occurrence of thermal instabilities. The three layers of a single separator
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membrane, i.e. PP/PE/PP can be seen in Fig. 2.14c. Comparing the original separator
layer to the one after the compression (Fig. 2.14d), illustrates how the total thickness of the
membrane is decreased from 20 µm to about 10 µm, although the relative thickness of PP
and PE layers seems to remain constant.

Figure 2.13: (a) Stack of 224 Separator layers, (b) Sample before being compressed, (c) Loaddisplacement curves for separator samples and (d) Stress-strain relation comparison for individual
jellyroll layers.

30

Figure 2.14: Scanning electron micrographs (SEM) of separator layers: (a) Surface SEM before
compression, (b) Surface SEM after compression, (c) Cross-sectional SEM before compression and
(d) Cross-sectional SEM after compression.
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2.3

Jellyroll Characterization Using LVDT Deflection
Sensor

In general, for universal testing machines, crosshead displacement readings are usually
used for the cases when testing is done at low load levels and/or high elongations. However,
if the load levels are higher and elongations are small, crosshead displacements are not
accurate anymore, because crosshead displacement sensors are calibrated under ”no-load”
conditions. During a test with relatively higher load levels and small elongations, there are
several potential sources of displacement errors such as crosshead and column deflections,
grip or fixture deflections, compressibility of oil for servo-hydraulic machines and etc. For
those cases, it is usually recommended to use compliance corrections, extensometers or linear
variable differential transformers (LVDT) [107].
For compression testing of jellyroll layers, depending on the maximum desired load,
crosshead readings can indicate and extra displacement of 0.5 to 1 mm, causing an error of
10-20 percent in the final stress-strain curves. Therefore, many of the previously reported
experiments were repeated to get a more accurate stress-strain data using LVDT deflection
sensor. All of the following experiments were conducted using an Instron 5985 universal
testing machine with a 250 kN load cell. An LVDT 2601-043 sensor [108] (Fig. 2.15a) with
a deflection range of ± 15 mm was attached to the machine to accurately measure specimen’s
deflection.
Before using the LVDT sensor for jellyroll characterization, a simple setup was used
to compare the deflection data from testing machine’s crosshead and LVDT. Based on the
specifications of Instron 2601-043 deflection sensor, the maximum stroke is ± 22 mm while
its linear stroke is only ± 15 mm. This means that for accurate measurements, the first and
last 7 mm of total range of the sensor should not be used. For initial deflection comparison,
the testing machine and LVDT was set up so that there was a gap between compression
platens and the LVDT was in its fully extended position (Fig. 2.15b). Compression test
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started with a rate of 2 mm/min and displacement was measured using both crosshead
and LVDT sensors. Fig. 2.16a plots the deflections found from the two sensors and their
difference over time. Crosshead deflection shows a perfectly linear variation throughout the
test as expected based on the specified displacement rate. However, the LVDT readings
are initially nonlinear and after about 7 mm of crosshead movement the two curves remain
parallel for the rest of the test. This, complies with LVDT’s specifications and confirms
that for accurate results, the midrange of deflection sensor’s stroke must be used. Forcedeflection curve is also plotted in Fig. 2.16b. Since the compression platens are not in touch,
the load cell essentially measures the LVDT’s force over its travel. Since the maximum load
is about 5 N when the sensor is fully retracted, it can be considered negligible compared to
the maximum loads applied during jellyroll characterizations (∼ 100 kN ).

(b)

(a)

Figure 2.15: (a) Instron LVDT deflection sensor, model 2601-043 and (b) LVDT sensor installed
on an Instron 5985 testing machine.
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(a)

(b)

Figure 2.16: (a) Deflection comparison for crosshead and LVDT sensors and (b) Force caused by
LVDT deflection.

2.3.1

Effects of Clamps and Sample Thickness

LVDT sensor eliminates many of the aforementioned errors for strain calculations caused
by crosshead measurements since it directly measures sample’s thickness change. Hence,
there is no need to prepare a relatively thick sample in order to reduce strain measurement
errors. To realize how sample thickness and presence of clamps change the calculated stressstrain curve, three coated copper samples were tested under compression. For the first sample
30 layers of coated copper layers were stacked and taped to a steel plate. The second sample
was made by 50 layers (see Fig. 2.17a) while for sample 3, two aluminum clamps were used
to stack 100 coated copper layers as shown in Fig. 2.17b.
All of the three samples were compressed at a rate of 2 mm/min using a 21.6 mm-wide
steel bar (Fig. 2.18a). The measured load-displacement curve was converted to stress-strain
relation. Comparison of the results (see Fig. 2.18b) showed negligible differences between the
three stress-strain curves. The experiments also showed that failure load is inversely related
to the sample thickness. This might be attributed to the fact that chances of slippage of
layers are higher for thicker samples with more number of layers.
For the dry/wet compression tests on individual layers explained in the following sections,
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stacks of 50 layers have been used for coated copper and aluminum layers. For separators,
100 layers were stacked on a steel plate because of their relatively smaller thickness.

(a)

(b)

Figure 2.17: (a) Stack of 50 layers of coated copper layers taped on a steel plate and (b) Stack
of 100 coated copper layers clamped on both ends.

(a)

(b)

Figure 2.18: (a) A stack of coated copper layers being tested and (b) Stress-strain curves for
coated copper samples with various number of layers.

2.3.2

Jellyroll Wet/Dry Compression Tests

Homogenization of dry and wet jellyroll samples previously mentioned in Section 2.1.3 was
repeated using Instron 5985 testing machine with a 250 kN load cell to achieve higher strain
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levels and LVDT deflection sensor to get more accurate displacement measurements. Similar
to the previous tests, samples were prepared by cutting jellyroll into about one-inch pieces.
They were also cut in radial direction so they can be unrolled and flattened. From each
sample, 40 jellyroll revolutions which consist of 40 coated copper, 80 separator and 40 coated
aluminum layers were divided and stacked for compression tests. For saturated experiments,
two samples were soaked in Dimethyl Carbonate (DMC) made by Acros Organics for 24 hours
(Fig. 2.19a and b). DMC is an organic electrolyte solvent commonly used in lithium-ion
batteries.
The samples were tested by placing them on the bottom compression platen while a 21.6
mm-wide steel bar was used to apply compressive load as shown in Fig. 2.20a. Two dry and
two saturated jellyrolls were tested at a displacement rate of 2 mm/min. Fig. 2.20b shows
one of the crushed jellyrolls. Measured displacements from LVDT sensor and measured forces
from the load cell were converted to a homogenized stress-strain relation for the jellyroll (see
Fig. 2.21) which is used as the jellyroll’s constitutive model in finite element simulations.
Similar to the results found from previous experiments without using LVDT, existence of
DMC solvent has negligible effects on jellyroll’s stress-strain curve. The only difference is
that the experiments using LVDT shows a slightly higher stiffness for saturated samples
while in previous tests, dry jellyroll seemed to have higher stiffness (Fig. 2.11d).

2.3.3

Strain-Rate Dependence

Although all of the previous jellyroll compression tests were conducted at a rate of 1
and 2 mm/min, the resultant stress-strain curves are supposed to be used to simulate highrate impact on lithium-ion batteries. Therefore, a new set of experiments was performed
at higher displacement rates in order to study how strain-rate affects the jellyroll’s load
carrying capacity. Similar to the experiments reported in the previous section, 40 revolution
of anode, cathode and separator layers were crushed at various displacement rates. A total
of seven samples were tested with a cross-head speed of 2, 4, 8, 16, 32, 64 and 128 mm/min.
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(b)

(a)

Figure 2.19: (a) The DMC solvent used for jellyroll saturation and (b) Jellyroll samples being
soaked in the solvent.

(a)

(b)

Figure 2.20: (a) A jellyroll sample being tested under compression and (b) Crushed jellyroll
sample.
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Figure 2.21: Stress-strain curves for flattened jellyroll samples under dry and saturated conditions.

Jellyroll was cut to 25 mm wide samples and the test was performed using a 21.6 mmwide steel bar for compression. All of the tests were conducted on an Instron 5985 testing
machine with a 250 kN load cell (fig. 2.22a). The measured load-displacement values were
converted to engineering stress-strain curves as depicted in Fig. 2.22b. Comparison of the
curves for different strain-rates shows that the crush speed does not significantly affect the
calculated stress-strain relationship for strain values below 0.2. For larger strains, it can be
observed that the slope of the curves increases with displacement rates up to a speed of 8
mm/min and decreases for higher strain rates. Overall, at higher strain values, there is a
stress difference of ±15%. For impact problems, the absorbed energy is directly related to
the strain energy density of the material and comparing the area under the curves shows a
difference of about 13% between the strain energies at lowest and highest displacement rates
i.e. 2 and 128 mm/min. Although impacts usually occur at much higher rates, these results
show that the previous flattened compression tests conducted at relatively slow rates of 2
mm/min can be still used for impact simulations with a reasonable error.
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(a)

(b)

Figure 2.22: (a) A jellyroll sample being tested under compression and (b) Stress-strain curves
for jellyroll compression tests at various displacement rates.

2.3.4

Characterization of Individual Jellyroll layers (Wet/Dry)

Mechanical properties of individual jellyroll layers i.e. anode, cathode and separators
were characterized previously (Section 2.2) using compression experiments with cross-head
displacements. In this section a new set of experiments is reported with more accurate data
recorded by LVDT deflection sensor. Also, effects of DMC electrolyte solvent on individual
layers’ stress-strain curves have been studied.
Section 2.3.1 showed that changing the sample’s number of layers from 30 layers to 100
layers does not influence the resulting stress-strain curve. Therefore, stacks of 50 layers for
anode and cathode and 100 layers for separators were used for wet and dry characterization
of individual jellyroll components. Each layer was carefully cut using an X-ACTO knife with
a #2 blade. 20.6 mm-wide layers of identical materials were stacked, aligned and clamped
at both ends as depicted in Fig. 2.23. For saturated experiments, similar to jellyroll tests
(Fig. 2.19), one sample of each material was soaked in DMC solvent for 24 hours. During
the tests, the samples were placed and taped on a steel plate to minimize layers’ slippage
as illustrated in Fig. 2.24a for a coated aluminum sample. Fig. 2.24b depicts how one of
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the coated aluminum samples is deformed and Fig. 2.25 compares the resulting stress-strain
curves for dry and wet samples. DMC solvent does not affect coated aluminum properties
under small strain values. However, when the layers’ through-the-thickness strain reaches a
value of about 0.24 with a stress level of 250 M P a, there seems to be a failure in saturated
samples while the dry layers can still carry more loads.

Figure 2.23: Stacks of coated aluminum (top), coated copper (middle) and separator layers
(bottom) clamped at both ends.

Coated copper layers were tested in an identical process under dry and wet conditions
(Fig. 2.26a). Crushed layers and the resulting stress-strain curves are depicted in Fig. 2.26b
and 2.27. The curves for dry and wet layers are identical up to a strain level of 0.24 after
which the wet sample carries about 30 percent more stress compared to the dry sample at
similar strain levels. The other difference is the failure stress which is about 270 M P a for
dry sample while in the presence of DMC, failure occurs when the stress reaches 190 M P a.
Failure strain is also smaller for wet sample and is about 0.37 compared to 0.41 for the dry
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(a)

(b)

Figure 2.24: (a) A stack of 50 coated aluminum layers being tested under compression and (b)
Deformed coated aluminum sample.

Figure 2.25: Stress-strain curves for coated aluminum samples under dry and saturated conditions.
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test.

(a)

(b)

Figure 2.26: (a) A stack of 50 coated copper layers being tested under compression and (b)
Deformed coated copper sample.

Figure 2.27: Stress-strain curves for coated copper samples under dry and saturated conditions.

Because of their relatively smaller thickness, characterization of separator layers was
performed on stacks of 100 layers. Sample width and compression bar dimensions were
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identical to anode and cathode layers’ experiments. Fig. 2.28a shows one the samples under
compression while the displacement is being measured using LVDT sensor. Compressed to
a strain level of 0.9, separator layers became transparent after crush (Fig. 2.28b). The
stress-strain curves plotted on Fig. 2.29 illustrate that the difference between separator’s
mechanical properties under wet and dry conditions is significantly greater than anode and
cathode layers. Dry separator layers tend to have a nonlinear stress-strain behavior until
they fail at a stress of just below 180 M P a and about 0.58 strain level. However, when DMC
solvent is present, initially the curve has a higher slope before there seems to be a failure
when the stress reaches about 40 M P a.

(a)

(b)

Figure 2.28: (a) A stack of 100 separator layers being tested under compression and (b) Deformed
separator sample.

Overall, when all three of the jellyroll layers are compared under compression, it seems
that the coated aluminum layers have the highest stiffness, while the separator layers tend to
be more flexible under transverse compressive forces. When DMC solvent is present, all of
the three types of jellyroll layers, i.e. anode, cathode and separator, fail at lower stress values
compared to dry conditions. Separator layers and coated aluminum layers have an overall
higher stiffness when there is no electrolyte solvent. However, for coated copper layers, DMC
solvent seems to inversely affect the mechanical properties and there is a higher stiffness for
saturated samples before failure.
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Figure 2.29: Stress-strain curves for separator samples under dry and saturated conditions.

Figure 2.30: Stress-strain curves for jellyroll components under dry and saturated conditions.
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2.4

Study of Separator Pore Size under Compression

One of the safety features of lithium-ion batteries is that under high temperatures the
polyethylene (PE) layer of a trilayered separator melts and stops the transport of ions by
closing the pores of the separator. This provision, effectively shuts the cell down and minimizes the heat generation inside the cell. It would also be helpful to know how the pore
size changes when the separator is under compression. In order to study this, four separator
samples were prepared to perform additional compression tests. Each sample consisted of
a stack of 100 separator layers. 20.6 mm-wide samples were attached to a steel plate depicted in Fig. 2.31a. Samples were tested under compression using an Instron 5985 testing
machine at a rate of 2 mm/min (see Fig. 2.31b). A 21.6 mm-wide steel bar was used to
apply compression. Displacement was measured using an LVDT deflection sensor. The first
sample was compressed up to a load of 15 kN . For sample 2 and 3, a maximum force of 30
kN and 45 kN was applied respectively. For sample 4, the test was continued until reaching
failure at a load of 56 kN .

(b)

(a)

Figure 2.31: (a) Stack of 100 separator layers before compression and (b) Compression test of
separator sample.

Stress-strain curves for the four samples are plotted in Fig. 2.32. As expected, all of the
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curves are almost coincident. The only difference is that for sample 1, 2 and 3 the maximum
stress does not reach the failure stress since the tests were stopped at lower load levels. SEM
images of separator layers before test and after being crushed under various load levels are
compared in Fig. 2.33. Fig. 2.33a shows a trilayered separator layer before applying any
load. Fig. 2.33b to 2.33e are the SEM images for samples crushed up to 15 kN , 30 kN ,
45 kN and 56 kN respectively. Comparing the SEM images illustrates that the number of
pores decreases with higher compressive loads. There is also a considerable drop in size of
the remaining pores. In order to do a quantitative study on the pore sizes, 10 pores were
randomly selected from each SEM image. Pores were assumed to be ellipse-shaped. The
major and minor axes of each pore were measured to estimate the area (plotted in Fig.
2.34). Average pore size was calculated for the 10 pores of each sample and a curve fitted
through the average pore sizes (also plotted in Fig. 2.34). Calculations show that the pore
size roughly follows a linear decay with an increase in compressive load.

Figure 2.32: Stress-strain curve found from compression test of separator samples.
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(a)

(b)

(c)

(d)

(e)

Figure 2.33: SEM images of separator layers: (a) Separator layer before compression, (b)-(e)
Separator after compression tests with a crush load of 15 kN , 30 kN , 45 kN and 56 kN , respectively.
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Figure 2.34: Variation of separator pore size with compressive load magnitude.
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Chapter 3
Cell Level: Experiments

3.1
3.1.1

Drop Tests
Experimental Procedure and Setup

A number of standards have been developed and found in the literature to assess the
safety aspects of lithium-ion battery cells and packs. These standards typically suggest
different experiments on batteries that can be categorized as electrical, mechanical or thermal
experiments. Crushing, drop test and impact tests are some examples of mechanical tests
found in various standards [1, 109, 110]. For example, impact test is used to determine a
cell’s ability to withstand a specified impact applied to a cylindrical steel rod placed across
the battery cell. Most of these experiments are qualitative tests; that is, to pass the tests,
the cell or pack may not explode or ignite. However, in this study, dry cells were used
instead of cells with electrolyte and no ignition or explosion was possible. The goal was to
validate the finite element model, which will be used for impact simulations. Therefore, in
this study, in addition to impact test using a steel rod, impact between two rigid plates was
also performed on the cells. A 2.8-m drop test apparatus (see Fig. 3.1) was designed and
manufactured for this purpose consisting of a bottom steel plate and a moving drop cart
capable of adding additional weight. The drop cart was guided in the drop tower using eight
roller bearings that ensured straight movement with minimum friction between the cart and
the guide bars. A manual winch was used to lift the drop cart to the desired height before
release. A high-speed camera was used to capture the impact scene.
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Figure 3.1: Custom-designed drop test apparatus: (a) CAD model and (b) actual drop test.
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3.1.2

Lateral Impact Between Two Flat Plates

Because of the asymmetric shape and location of the anode and cathode cell terminals,
two impact configurations were investigated: (1) horizontal and (2) vertical (see Table 3.1).
Cell impact was studied using two different drop carts weighing 11.34 kg and 22.68 kg. The
theoretical impact velocity was calculated using the drop height assuming negligible friction
and was found to be 7.4 m/s. In order to measure the actual plate’s impact velocity, a set
of markers was placed on the drop tower wall in front of a high-speed camera. By measuring
the distance the drop cart moves between two subsequent frames of the recorded movie, the
impact velocity of the drop cart was found to be equal to 7.0 m/s. Fig. 3.2 depicts three
frames of a cell impact with horizontal terminal orientation: before impact, during impact
and after impact. Also, a comparison of undeformed and crushed cells is presented in Fig.
3.3 and Fig. 3.4 for horizontal and vertical terminals orientation respectively. Various types
of battery failures such as electrolyte leakage, short circuiting or activation of a permanent
disabling mechanism are likely to occur due to an impact. But the most critical one would be
the short circuit between electrodes that may cause a thermal runaway. The cells being dry,
it was impossible to measure the voltage and temperature in order to track the internal short
circuits and temperature increases. However, it is always a possibility that the terminals will
touch causing an external short circuit due to severe deformation especially for the case of
vertical orientation (Fig. 3.4).
Table 3.1: Lateral impact test configurations: cell orientation and drop mass.

Sample orientation

Drop mass (kg)

Sample 1
Sample 2

Terminals aligned vertically

11.34
22.68

Sample 3
Sample 4

Terminals aligned horizontally

11.34
22.68
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Figure 3.2: Lateral impact test (high-speed camera footage).

(a)

(b)

Figure 3.3: Cylindrical cell before/and after impact, 11.34 kg drop weight, horizontal orientation.
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(a)

(b)

Figure 3.4: Cylindrical cell before/and after impact, 11.34 kg drop weight, vertical orientation.

3.1.3

Lateral Impact Using a Rigid Bar

A second set of experiments was planned and conducted based on the UN DOT 38.3
[110] standard which requires a 15.8 mm rigid rod to be placed across the center of battery
cell (Fig. 3.5) and a 9.1 kg Impact weight to be dropped from a height of 61 ± 2.5 cm. The
aforementioned drop test apparatus was used with a few modifications. A simple mechanism
was implemented to prevent a secondary impact after the rebound of the drop cart during
the first impact. Furthermore, Vibra-Metrics 1018 accelerometers were used to measure the
acceleration of the drop cart and record impact data during the experiments. The sensors
have a 500 g amplitude range and 5000 g shock limit. Two sensors were mounted on top
of the drop cart for additional accuracy and LabVIEW was used as the data acquisition
software (Fig. 3.6). The experiments used dry and uncharged Johnson Controls 6P cells
and were conducted in accordance with the standard and modified for investigation of short
circuit occurrence caused by mechanical deformations. Thus, additional experiments were
conducted at an increased height of 2.76 m and weights of 9.07 kg and 14.15 kg.
Table 3.2 lists the three impact weight and height configurations. Sample A were tested
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Figure 3.5: Steel rod placed across the center of a cell based on UN DOT 38.3 standard.

(a)

(b)

Figure 3.6: (a) A Vibra-Metrics 1018 sensor (Credit: mistrasgroup.com), (b) Accelerometers
installed on the drop cart.
Table 3.2: Test configurations for lateral impact by a rigid bar.

Sample A
Sample B
Sample C

Drop height
(m)

Drop mass
(kg)

0.635
2.76
2.76

9.07
9.07
14.15
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Figure 3.7: Deformed cells after impact by a rigid bar.

under UN DOT 38.3 [110] requirements i.e. drop mass of 9.07 kg and drop height of 0.635
m. For sample B the same weight was dropped from a height of 2.76 m and sample C was
tested with an increased drop mass of 14.15 kg and the maximum height. For all of the
experiments, terminals were oriented horizontally as shown in Fig. 3.7. For comparison
purpose, the maximum indentation caused by impact was measured at the middle of the cell
(Fig. 3.8) and is listed in Table 3.3. Sample A shows a minimum indentation of 7.05 mm
while as expected, the deformation is the highest (13.74 mm) for sample C with maximum
drop height and weight.
The acceleration data, recorded by the two sensors attached to the drop cart is illustrated
in Fig. 3.9 for sample A. Acceleration change over time for all of the tests showed three
different regimes: at the beginning of the tests, there were some fluctuations because of the
release mechanism; the second phase showed a constant acceleration during drop and finally,
there was a very high acceleration jump when the cart impacted the steel rod. Using the
acceleration data, drop time was recorded for each experiment and an average acceleration
was calculated based on the corresponding drop height. Measured drop times and calculated
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accelerations are listed in Table 3.4. The calculated accelerations are 15-24 percent less than
the standard gravity (g) which is likely to be a result of friction and air resistance of the
drop test enclosure.

Figure 3.8: A deformed cell after impact by a rigid bar.

Table 3.3: Cell indentation for various impact configurations.

Indentation, d
(mm)
Sample A
Sample B
Sample C

7.05
11.59
13.74

Figure 3.9: Recorded acceleration data for sample A.
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Table 3.4: Drop time measured by accelerometers and corresponding average accelerations.

Drop height
(m)

Drop time
(ms)

Acceleration
(m/s2 )

0.635
11.59
13.74

390
860
840

8.35 (.85g)
7.46 (.76g)
7.82 (.80g)

Sample A
Sample B
Sample C

3.2

Quasi-Static Compression Experiments

In order to check and realize if any of the previous impact tests by a rigid bar led to an
internal short circuit, a digital multimeter was used to measure resistance between the two
terminals of each cell. It was assumed that in case of a separator failure, anode and cathode
electrodes will be in contact, leading to small or zero resistance readings. All of the previous
crushed cells i.e. samples A, B and C showed overload resistance values, implying no electrode contact and short circuit occurrence inside the cells. Since the current drop test setup
is limited to a 2.76 m height and a 14.16 kg drop mass, it was not possible to increase the
impact load to a level at which short circuit occurs. Therefore, a quasi-static compression
test was designed based on the UN DOT 38.3 requirements with some modifications. For
this test (sample D), the sample was placed on a rigid plate and a 15.8 mm diameter steel
rod was placed across the center of the cell. Another steel bar was pressed against the rod
at a rate of 2 mm/min (see Fig. 3.10). The advantage of this steady compression test is
that the load can be increased up to any desired amount depending on the load cell being
used. Therefore, it can provide valuable information regarding the load levels leading to
short circuit or mechanical failure inside the cell.
Sample D was crushed up to a load level of 50 kN and similar to the impact samples, the
resistance between its terminals was measured using a multimeter (Fig. 3.11). Unlike the
impact samples, measured resistance for sample D was 111.6 Ω, indicating an internal short
circuit inside the cell (see Table 3.5).
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Figure 3.10: Sample D, quasi-static compression test by a steel rod.

Figure 3.11: Resistance measurement for sample D using a digital multimeter.

Table 3.5: Resistance values for crushed cells after impact and steady compression tests.

Resistance (Ω)
Sample
Sample
Sample
Sample

A (Impact)
B (Impact)
C (Impact)
D (Compression)
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Overload
Overload
Overload
111.6 (Short)

Since the steady compression test with a maximum load of 50 kN led to an internal short
circuit, a new set of experiments was conducted to monitor the state of the cell and track any
separator failure and short circuit occurrence during the tests. In order to monitor voltage
and resistance changes, the simple circuit of Fig. 3.12 was used where a 1 M Ω resistor was
connected to the cell in series. A 5-volt power supply was attached to the circuit in order
to monitor any current passing through the cell in case of short circuit. Two channels of a
Hewlett Packard 34970A data acquisition system (Fig. 3.13a) was utilized to measure the
voltage over the 1 M Ω resistor and also cell’s resistance. At the beginning of the tests, there
was no connection between the cell’s anode and cathode electrodes; therefore, no current
passed through the circuit and the data acquisition system showed a zero value for voltage
and an infinite value for cell’s resistance. These values remained constant until there was a
separator failure due to compressive loads when the resistor voltage rises to maximum and
cell’s resistance drops to a small value as a result of a short circuit.
For this series of experiments, an Instron 5985 tensile testing machine with a 250 kN
load cell was used to be able to apply higher compressive loads. Again, the cell was placed
on a rigid plate attached to the lower crosshead. A 15.8 mm diameter steel rod was placed
across the center of the cell. The upper crosshead applied displacement against the rod at
a rate of 2 mm/min (Fig. 3.13b). Both of the tensile testing machine and data acquisition
system were set to start recording data simultaneously.
The experiments were conducted in two terminals orientations: horizontal and vertical.
Five samples were tested at each orientation. Fig. 3.14 shows two cells with horizontal and
vertical orientations before and during the tests. The experiments continued until there was
a major mechanical failure causing a significant drop in the load-displacement curve. In all
of the samples, electrical short circuit happened before mechanical collapse in the batteries.
The maximum deformation of the cell is located in the middle part of the cell and below the
rigid bar and therefore, any possible separator failure is likely to be near that area.
The load-displacement curves found from steady compression tests are plotted in Fig.
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Figure 3.12: Schematic of the circuit used for steady compression tests with live resistance
measurements.

(a)

(b)

Figure 3.13: An Instron 5985 universal testing machine and a Hewlett Packard 34970A data
acquisition system being used for steady compression tests.
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(a)

(b)

(c)

(d)

Figure 3.14: Cylindrical cell with horizontal and vertical terminal orientations being compressed
using a steel rod.
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3.15a. Comparison of the 5 cells with horizontal terminals and the 5 cells with vertical
terminals indicates that the orientation of the terminals does not have any significant effects
on load carrying behavior of the cell. Similar to the previous compression tests of flattened
jellyroll samples, the first part of the curves has a relatively small slope. After the jellyroll
layers are compressed enough, the load starts to rise at a much higher rate at about 12 mm
displacement. Mechanical failure and load drop occurs at about 64-68 kN and 19-20 mm
indentation for all of the samples. Voltage change across the 1 M Ω resistor is plotted in Fig.
3.15b. Since there is no current before anode and cathode come into contact, voltage is also
zero across the resistor. At displacements of between 17.5 mm and 19 mm, short circuit
occurs and voltage jumps to a value near 5 volts. Similar to the load-displacement curves,
there seems to be no correlation between the cell orientation and short circuit occurrence for
steady compression tests.
Fig. 3.16 depicts the voltage change and compressive load on the same displacement
scale. Voltage change in all of the 10 tested samples shows that short circuit occurs before
a complete mechanical collapse in the cell. It seems that chances of separator failure is the
highest in an indentation range of between 17.5 mm and 19 mm, while structural failure
and load drop occurs at about 20 mm indentations for all of the samples.

(b)

(a)

Figure 3.15: (a) Recorded load-displacement curves for steady compression tests and (b) Recorded
voltage change over the 1 M Ω resistor.
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Figure 3.16: Load and voltage changes for steady indentation tests.

Estimation of drop configurations leading to short circuit:
Results from the quasi-static compression tests, demonstrated that in order to reach a
short circuit, there must be at least 45 kN of compression load when a steel rod is used.
Since none of the impact tests led to an internal short circuit, assuming quasi-static compression force is equivalent to average impact force, a minimum drop mass required to cause
a short circuit in the present drop test apparatus can be roughly estimated. Average impact
force can be calculated by Eq. 3.1 as change of drop cart’s momentum during impact, where
m is drop mass, V1 and V2 are drop cart’s velocity before and after impact and timpact is the
impact time.

Fimpact =

d(mV )
V2 − V1
=m
dt
timpact

(3.1)

Table 3.6 lists various parameters required to estimate the drop mass. It is assumed that
the current apparatus is being used, therefore, drop height remains 2.76 m. Friction and air
resistance will still be available, thus based on the previous measurements, drop acceleration
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is estimated to be 0.8 g. Based on the drop height and acceleration, impact velocity (V1 ) can
be calculated. In the actual tests, V2 will be a fraction of V1 (in the order of 1 to 2 m/s) in
the opposite direction; However, here we are assuming a perfectly plastic impact to be able
to estimate the minimum impact force. The actual impact force will be more because of the
opposite direction of V2 . Finally, impact time is estimated to be about 6 ms based on the
finite element results. Using the aforementioned values and the 45 kN impact force in Eq.
3.1, a minimum of 41.0 kg mass is required for the drop cart to cause a short circuit during
an impact test. The present drop test setup would not withstand that amount of weight
because of the size of extrusions and strength of attachments.

Table 3.6: Estimation of drop mass leading to short circuit.

3.3

Drop height
Drop acceleration
Impact velocity
Impact time
Minimum impact force for short circuit

2.76 m
0.8 g
6.58 m/s
6 ms
45 kN

Expected drop mass for short circuit

41.0 kg

Post Proceesing of Crushed Cells

Two methods were utilized to further inspect the jellyroll for highly deformed layers:
Computed tomography and optical microscopy.

3.3.1

Computed Tomography Scanning of Battery Cells

Critically deformed cells which lead to short circuits were analyzed using computed tomography (CT scanning) for a non-destructive observation of the internal failure modes.
The scans were performed on a North Star Imaging machine then analyzed using Mimics
reconstruction software. One of the CT-scanned cells was sample D from Section 3.2 which
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was compression tested up to 50 kN load. Results indicated highly distorted layers on both
sides of the aluminum core, depicted in Fig. 3.17. Also, looking closely at the layers adjacent to the aluminum core, failure of a copper layer can be spotted in Fig. 3.18. In the CT
images, copper is illustrated as the brighter material due to the higher density compared to
the aluminum cathode and polymer separator.
The second CT-scanned cell was chosen from one of the 10 cells tested with live voltage/resistance measurements. The cell had been compressed up to a load level of more than
65 kN and test had been stopped after mechanical failure and load drop, therefore, it was
tested under more catastrophic conditions compared to sample D. The computed tomography image of this cell illustrated in Fig. 3.19, shows how all layers and aluminum core
sheared from top to bottom through approximately 75% of the jellyroll thickness.

Figure 3.17: CT scan of a crushed cell after steady compression test (sample D) showing highly
distorted layers.

3.3.2

Microscopy of Crushed Jellyrolls

In order to study the deformations of jellyroll layers and possibility of internal short
circuits, optical microscopes were utilized to look at the cross section of crushed samples.
Optical microscopy required to cut the jellyroll at the middle of the cell which could destruct
the layers. Thus, resin casting was used before cutting the cell to reduce the chance of any
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Figure 3.18: CT scan of a crushed cell after steady compression test (sample D) showing a crack
in an electrode near the aluminum core.

extra distortion of layers during the cutting process. First the cell was cut into three pieces,
depicted in Fig. 3.20. The middle piece was placed in a plastic cup and a mix of epoxy
resin-hardener with a mass ratio of 25:3 was poured into the cup and was cured overnight
(Fig. 3.21). A vacuum chamber was also used for an hour to let resin flow well inside the
sample and enclose the casing and jellyroll layers. The relatively rigid cured sample was then
cut carefully using a band saw in the most deformed cross section. The surface was then
polished several times to reach to a level of 1200 grit size. Fig. 3.22a and 3.22b compare the
unpolished and polished jellyroll surfaces. The polished sample was then used to be looked at
in an optical microscope with various magnifications from 6.5x to 200x. One impact-tested
cell and once compression-tested cell (samples C and D) were chosen for microscopy.
All of the microscopic images shown here belong to sample D of Section 3.2. From the
images three critical regions could be identified in the crushed cell: Similar to computed
tomography images, there are areas with highly distorted layers on both sides of the cell
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Figure 3.19: CT scan of a crushed cell after mechanical collapse showing cracks in the jellyroll
and the aluminum core.

Figure 3.20: A crushed cell before cutting the middle section for microscopy of jellyroll layers.
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Figure 3.21: Deformed jellyrolls after resin casting.

(b)

(a)

Figure 3.22: (a) Resin molded sample after being cut at the highest deformed cross section and
(b) Polished cross section (1200 grit size).
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core, depicted in Fig. 3.23a. There are also highly compressed layers adjacent to the casing
where the testing machine’s fixed and moving platens are in contact with the cell (see Fig.
3.23b). Images with higher magnification factors show that there are locations where the
separator layer failed due to high compressive load resulting a contact between anode and
cathode layers, shown in Fig. 3.24. The third critical area seems to be the layers adjacent
to the aluminum core where high tensile loads might cause fracture in layers. Fig. 3.25
shows one of these failures in a copper layer in the vicinity of cell core. The same failure was
captured before using computed tomography.

(b)

(a)

Figure 3.23: Microscopic images of a deformed jellyroll (6.5x magnification) (a) Highly distorted
layers and (b) Layers/separator failure near the casing.
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Figure 3.24: Separator failure near the casing (200x magnification).

Figure 3.25: Copper layer failure adjacent to the aluminum core (100x magnification).
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Chapter 4
Cell Level: Explicit Finite Element Analysis

4.1
4.1.1

Lateral Impact between Two Flat Plates
Homogeneous Jellyroll Model

An explicit finite element model of a cylindrical cell was developed to simulate lateral
impact in LS-DYNA (see Fig. 4.1 and 4.2). All of the finite element models in this study
(i.e. geometry, nodes and elements) were generated using ANSYS APDL and the models
were transferred to LS-DYNA using a custom-developed APDL macro. For the homogeneous
model, the crushable foam material model was used as the constitutive model for the jellyroll
[83], incorporating the stress-strain curve from the flattened jellyroll tests discussed in Section
2.1. The tensile cut-off value of the crushable foam model was set to 10 M P a, based on
the tensile strength for coated aluminum, coated copper and separator [87]. The casing
and the core tube were assumed to be made of aluminum 1100 (with properties of 99 M P a
yield strength and 111 M P a ultimate strength) and modeled in LS-DYNA using material
model 24 (Piecewise linear plasticity). The internal spacer between the terminals and the
jellyroll was assumed to be made of polyetherimide and modeled in LS-DYNA with material
model number 3 (Mat plastic kinematic) [111, 112]. A total of 19,740 solid elements with
one-point integration used to model all of the components of the cell. Having elements
with reduced formulation in the model, hourglass Type 6, Belytschko-Bindeman was used
to prevent nonphysical, zero-energy modes [111, 112].
The battery cell was assumed to be crushed between a lower and an upper rigid plates
(see Fig. 4.3). Lower plate was stationary and assuming a drop height of 2.78 m, impact
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Figure 4.1: Main components of a cell’s finite element model: (a) case, (b) spacer, (c) homogenized
jellyroll and (d) inner tube.

Figure 4.2: Cross section of a cell’s finite element model: (1) jellyroll, (2) aluminum core, (3) case
and (4) spacer.
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velocity was calculated to be 7.4 m/s for the upper plate. Two impact configurations with
vertical and horizontal terminal orientations were considered and each configuration were
analyzed using two drop mass values of 11.34 kg and 22.68 kg.

Figure 4.3: Cell impact configurations: (a) vertical and (b) horizontal.

Fig. 4.4 shows the deformed shape of the cell with horizontal terminals found through
the finite element analysis. In order to compare the results to the experiments and verify the
finite element simulation, deformed cells’ dimensions at three sections (A) top, (B) middle
and (C) bottom are listed in Table 4.1. The first two rows list the values for the cell with
horizontal terminals, and the last two rows compare the thickness for the cell with vertical
terminals. The difference between the experiments and the finite element results in most
cases is less than 5%, especially for sections B and C where jellyroll is located. Some of
the errors can be attributed to the fact that, in the experiments, the drop cart might tilt
sideways during the impact, causing less deformations in the terminal side of the cell because
of its higher stiffness. Jellyroll’s stress-strain curve, assuming an isotropic material model,
and the skipping rate dependency of the mechanical properties can be other sources of the
error.
Impact loads were calculated using the forces transferred through the contact between
the drop cart and the cell and are plotted over time in Fig. 4.5. The maximum impact
load was found to be 120-140 kN and 44-48 kN for 22.68 kg and 11.34 kg drop mass
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Figure 4.4: Deformation comparison locations (horizontal orientation, 11.34 kg weight).

Table 4.1: Deformed thickness comparison for the cells with horizontal (h) and vertical (v) terminals.

A (mm)

Experiments (h)
FE results (h)
Experiments (v)
FE results (v)

B (mm)

C (mm)

11.34 kg

22.68 kg

11.34 kg

22.68 kg

11.34 kg

22.68 kg

30.5
28.2
29.7
29.4

28.4
24.6
27.8
25.8

29.6
28.8
30.2
30.0

27.2
26.1
27.6
27.4

27.5
25.9
27.0
25.5

23.5
23.3
24.4
23.0
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respectively. Variation of the plate’s velocity over time is also plotted in Fig. 4.6. During
the impact, the velocity changes from 7.38 m/s in the downward direction to 1.6-2.7 m/s
in the upward direction. From the velocity curve, impact duration can be estimated to be
around 3.7 ms and 3.2 ms for the 11.34 kg and 22.68 kg drop mass cases. Considering
the fact that the drop plate is rigid, mean impact force can be estimated using the plate’s
change of linear momentum. These average impact force values are calculated using Eq.
4.1. Calculated average forces are listed in Table 4.2 and are in agreement with the load
variations plotted in Fig. 4.5 which can be another criterion to verify the simulation results.
Terminal orientation slightly changes the maximum impact load, however average impact
force and impact duration remains the same.

Figure 4.5: Impact load for various load cases and cell orientations.

Fimpact =

d(mV )
V2 − V1
=m
dt
timpact

(4.1)

In order to find the deformed shape of individual components inside the cell, deformed
cells were CT scanned using a North Star Imaging 3-D computed tomography system at
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Figure 4.6: Impact velocity for various load cases and cell orientations.

Table 4.2: Average impact force estimation.

Cell orientation
Vertical
Vertical
Horizontal
Horizontal

Weight (kg)

Impact time (ms)

Average impact force (m/s2 )

11.34
22.68
11.34
22.68

3.7
3.2
3.7
3.2

28.1
67.8
27.5
69.3
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Johnson Controls Inc. battery testing laboratory (Glendale, WI). Fig. 4.7 compares two
cross sections of the cell after impact with 11.34 kg drop mass with the deformed shapes
found from finite element simulation. Thickness of jellyroll and inner tube was measured
at both sections and is listed in Table 4.3. A comparison of cell dimensions shows that the
overall deformed geometry, and specifically jellyroll, is in very good agreement with the CT
scanned cell. Simulation errors for jellyroll thickness is less than 1%.

Figure 4.7: Comparison of the cell’s deformed shape after impact; CT-scan vs. finite element
results (11.34 kg drop mass, horizontal orientation).

Table 4.3: Deformed shape thickness comparison of internal components.

Top cross section (mm)

CT scan
Simulation

Bottom cross section (mm)

Inner tube (D1)

Jellyroll (D2)

Inner tube (D1)

Jellyroll (D2)

4.45
5.85

25.19
25.00

4.29
5.07

24.11
24.23

Deformed shapes and Von-Mises stress contours for jellyroll and center tube are displayed
in Fig. 4.8. For the case of impact between flat plates, the risk of a short circuit occurrence
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and the consequent thermal runaway is not as high as the cases of impact in axial direction
or penetration by sharp objects [1]. This is because distributed load is applied perpendicular
to the plane of electrodes. In this case, areas with high stresses may lead to a short circuit
because of separator thinning or separator failure. Based on the simulation results, the inner
parts of the jellyroll close to the inner tube experience higher stresses, and hence, can be
assumed to be jellyroll’s critical areas.

Figure 4.8: Jellyroll and inner tube’s Von-Mises stress for the cell with horizontal orientation of
terminals (11.34 kg drop weight).

4.1.2

Heterogeneous Jellyroll Model

In the previous section, an explicit finite element model of a cylindrical cell was developed
in LS-DYNA to simulate lateral impact. The simulation was performed assuming homogenized mechanical behavior for the jellyroll. The crushable foam material model was used
as the constitutive model of the jellyroll, incorporating the stress-strain curve, found from
flattened jellyroll tests. The homogeneous model cannot provide any information regarding
jellyroll’s individual layers. Therefore, a heterogeneous finite element model of the cell was
also developed to better predict the behavior of the cell under extreme loading conditions.
The model incorporated the compressive properties of the jellyroll’s individual layers reported in Section 2.2, Using the stress-strain curves found in Fig. 2.13, jellyroll layers were
assigned crushable foam model with different tensile cut-off values. Anode, cathode and
separator layers (Fig. 4.9a) have very small thicknesses (∼ 25 - 75 µm) which leads to com78

putational complexities such as: (1) elements will have high aspect ratios, and (2) time step
size will be very small resulting in a very large solution time. In order to mesh the jellyroll,
the layers were divided to 300 elements in axial direction and 300 elements in tangential
direction, leading to a maximum element size of about 0.38×0.38 mm for the outer layer.
Inner layers had smaller element sizes in tangential direction. Coincident nodes of adjacent
layers were merged together. Fig. 4.9b compares the homogeneous and heterogeneous jellyroll models. The complete battery cell with a layered jellyroll was modeled using about 22
million solid elements. The casing and the core tube were assumed to be made of aluminum
1100 (with properties of 99 M P a yield strength and 111 M P a ultimate strength) and modeled in LS-DYNA using material model 24 (Piecewise linear plasticity). The internal spacer
between the terminals and the jellyroll was assumed to be made of polyetherimide and modeled in LS-DYNA with material model number 3 (Mat plastic kinematic) [111, 112]. All of
the components were modeled using one-point integration solid elements. Having elements
with reduced formulation in the model, hourglass Type 6, Belytschko Bindeman was used to
prevent nonphysical, zero-energy modes [111, 112]. The cell was assumed to be stationary
on a rigid plate, while another plate having a mass of 11.34 Kg impacted the cell with a
speed of 7.4 m/s (see Fig. 4.9c).
The model was solved on an HPC cluster using 192 cores and a memory of 3 GB/core
and the solution time was 58 hours. Previous lateral drop-test experiments were used to
compare the deformed shape found from the simulations. CT-scan of a jellyroll’s cross section
after drop-test is shown in Fig. 4.10c and is compared to the deformed shapes found from
homogeneous and heterogeneous simulations (Fig. 4.10a and 4.10b). Fig. 4.10d depicts the
impacting plate’s velocity during impact for homogeneous and heterogeneous models. Using
the velocity curves, the impact time can be estimated to be about 4 ms for both models.
Fig. 4.10e shows how the impact load changes over time. The difference between the two
curves can be attributed to the fact that in the heterogeneous model, load carrying capacity
of layers are different while in the homogeneous model, a single stress strain curve is used
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Figure 4.9: (a) Finite element model of jellyroll layers, (b) Comparison of homogeneous and
heterogeneous jellyroll models and (c) Comparison of homogeneous and heterogeneous cell models.
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for all of the jellyroll elements. Thickness of the deformed cell at different locations (top,
middle and bottom of the casing) is listed in Table 4.4 for the experiment and simulations.
Table 4.4: Cell’s deformed thickness under 11.34 kg impact load.

Top Middle
(mm) (mm)
Experiment
FE (Homogeneous)
FE (Heterogeneous)

29.7
29.4
28.1

30.2
30.0
30.9

Bottom
(mm)
27.0
25.5
28.2

Strain values for separator layers were extracted from the simulation results. Fig. 4.11
shows how the strain in the transverse direction changes with respect to radial location of
separator layers. It compares variation of strain under maximum compression and after the
load is removed. The fact that there is no significant difference between the two cases implies
that most of the separator’s deformation has been plastic. Also, the maximum thinning in
both curves occurs at about r=13 mm which means under high impact loads a short circuit
is likely to occur at this radius due to separator thinning.

4.1.3

Updated Simulations using LVDT Characterizations

Jellyroll homogenization and characterization of individual jellyroll layers performed using LVDT deflection sensor resulted in different stress-strain curves compared to the original
experiments, especially for higher stress levels. Therefore, the previous homogeneous and
heterogeneous simulations were repeated using the new stress-strain curves to determine
how this changes cell’s deformation under impact. Simulation results for vertical terminal
orientation and 11.34 kg impact weight is reported in this section. Table 4.5 lists the cell
thickness at three (top, middle and bottom) cross sections. Comparison of the thicknesses
from the simulations with the test data indicates a maximum error of less than 11% for the
homogeneous model while the error is within 6% for the heterogeneous model.
Fig. 4.12 shows a contour plot of Von-Mises stress during impact (before the load is
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Figure 4.10: (a) Jellyroll’s deformed shape found from the homogeneous model, (b) deformed
shape for heterogeneous model, (c) CT-scan of the crushed jellyroll, (d) Velocity change during
impact and (e) Impact load for homogeneous and heterogeneous models.
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Figure 4.11: Strain values of separator layers under maximum impact load and after unloading.

Table 4.5: Updated cell’s deformed thickness using LVDT characterizations (11.34 kg impact
weight).

Top Middle
(mm) (mm)
Experiment
FE (Homogeneous, LVDT)
FE (Heterogeneous, LVDT)
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29.7
30.3
28.0

30.2
32.8
30.9

Bottom
(mm)
27.0
29.9
28.4

removed) for the homogeneous model. As expected, most of the load is carried by the rectangular area under the impacting plate. Similar contour can be plotted for the heterogeneous
model, however because of the extremely small size of the elements and since the stress values will be changing from layer to layer, anode and cathode layers were unselected and the
stress contour was plotted only for separator layers in Fig. 4.13. The figure illustrates that
separator stresses are the highest near the center of jellyroll and also adjacent to the impacting plate. Fig. 4.14 depicts velocity change and impact force for the new homogeneous
and heterogeneous models. Changes in velocity and force indicates an impact duration of
about 3 ms. Because of using a single material with homogenized mechanical properties,
homogeneous model seems to behave symmetrically during impact and rebound phases. For
the heterogeneous model, layers have different load carrying capacities and it takes longer
to the peak value of impact force. Maximum impact force is about 65 kN for both models.
The calculated rebound velocities are about 1 m/s for both homogeneous and heterogeneous
simulations.

Figure 4.12: Jellyroll’s Von-Mises stress contour (before unloading) for the homogeneous model.
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Figure 4.13: Von-Mises stress contor for separator layers in the heterogeneous model (before
unloading).

(b)

(a)

Figure 4.14: (a) Change of velocity and (b) Impact force over time for the updated homogeneous
and heterogeneous models.
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4.2

Rod Impact Simulations

A homogeneous and a heterogeneous finite element model were developed in LS-DYNA
to simulate rod impact on battery cells (see Fig. 4.15). In the homogeneous model, jellyroll
was considered to be homogenized and the stress-strain curve found from compression test
of jellyroll layers (Fig. 2.21) was used to define crushable foam material model in LS-DYNA.
In the heterogeneous model, jellyroll layers i.e. anode and cathode electrodes and separator,
were implemented individually and different stress-strain relations were considered for each
layer. Small thickness of the layers and the need for maintaining the aspect ratio of jellyroll
elements relatively small to decrease numerical errors lead to a very large number of elements
and small time step size. Therefore, the heterogeneous model was solved on an HPC cluster
using 184 cores.

Figure 4.15: Rod impact model based on the UN DOT 38.3 requirements.

Similar to the homogeneous model, crushable foam from LS-DYNA material library was
utilized as the constitutive model of individual jellyroll layers in the heterogeneous model.
Stress-strain relations were derived from compression experiments performed on stacks of
individual jellyroll layers using LVDT deflection sensor (Fig. 2.30). In the homogeneous
model, jellyroll was divided into 48, 12 and 60 elements in the axial radial and tangential
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directions respectively. In the heterogeneous model, each layer was modeled with one solid
element in the thickness direction and the element divisions were 300 in axial and tangential
directions. In both models, the casing and the center tube were assigned material model 24
(Piecewise linear plasticity) with properties of 1100 aluminum alloy with 68.9 GP a modulus
of elasticity, 115 M P a yield strength and 125 M P a ultimate strength properties. The internal spacer between the terminals and the jellyroll was assumed to be made of polyetherimide
and modeled in LS-DYNA with material model number 3 (Mat plastic kinematic).

Figure 4.16: Homogeneous and heterogeneous models for rod impact simulations.

Both models were meshed with one-point integration elements and hourglass type 6,
Belytschko-Bindeman was used to prevent nonphysical, zero-energy deformations [111, 112].
A stationary rigid tube was modeled in contact with the middle of the cell. Two rigid plates
were also considered in the model to mimic the ground and the drop cart. The bottom plate
was fixed in all directions, while the top plate, with a mass of 9.1 kg and an initial velocity
of 3.188 m/s was allowed to move in the impact direction. The drop velocity was calculated
based on the height (0.61 m) specified in the UN DOT 38.3 requirements assuming an impact
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acceleration of 0.85 g which was measured experimentally using two accelerometers. The
homogeneous and heterogeneous models consisted of 80,922 and 21.8 million solid elements
respectively (Fig. 4.16). The solution type was transient explicit and lasted 66 minutes using
7 CPUs for the homogeneous model. Solution time for the heterogeneous model was about
41 hours on an HPC cluster using 184 cores and 3 GB memory per core. Table 4.6 lists the
simulation data for both of the impact models.
Fig. 4.17a and b demonstrate how jellyroll was deformed under impact in homogeneous
and heterogeneous simulations respectively. Also, Von-Mises stress contours during impact
are depicted in Fig. 4.17c and 4.17d. They show how the stresses are beyond aluminum’s
yield strength causing plastic deformations in the casing. Similar to flat-plate impact simulations, impact velocity and impact force are plotted in Fig. 4.18. Impact velocity changes
from 3.19 m/s in the downward direction to about 0.5 m/s in the upward direction. From
the impact load curves, duration of impact is estimated to be about 6 ms and maximum
impact force for both homogeneous and heterogeneous models is 13.5 kN . Values of the cell’s
deformed thickness after impact are listed in Table 4.7. Comparison with the experimentally
measured data shows that the homogeneous model predicted the cell’s deformations with a
negligible error. For the heterogeneous model, the error was less than 4%.
Table 4.6: Simulation data for rod impact analysis models.

Simulation data
Number of elements
Number of nodes
Number of parts
Analysis type
Solution time
Number of cores

Homogeneous model

Heterogeneous model

80,922
98,028
7
Transient explicit
66 minutes
7

21.8 million
22 million
9
Transient explicit
41 hours
184
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Figure 4.17: Deformed jellyrolls and Von-Mises stress contours found from homogeneous and
heterogeneous simulations.

(b)

(a)

Figure 4.18: (a) Change of velocity and (b) Impact force over time for rod impact simulations.

Table 4.7: Cell’s deformed thickness after impact by a rigid rod.

Experiment
FE (Homogeneous)
FE (Heterogeneous
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Cell thickness
(mm)

Error
(%)

30.55
30.6
29.4

–
0.16
3.76

4.3

Rod Indentation Simulations

Previously developed heterogeneous finite element model was slightly modified and used
for quasi-static rod indentation simulation. The upper rigid plate (impacting plate) was
removed from the model as depicted in Fig. 4.19. The rigid tube was assigned a constant
velocity of 2 mm/min and pressed against the cell casing. The bottom rigid plate was
fixed in all degrees of freedom to resemble the fixed end of the testing machine. Similar to
the rod impact simulations, crushable foam material model from LS-DYNA material library
was chosen for anode, cathode and separator layers incorporating stress-strain curves found
from compression experiments using LVDT deflection sensor (Fig. 2.30). Transient explicit
simulation was conducted using MPP version of LS-DYNA on an HPC cluster with 184 cores
and 3 GB of memory per core. The model consisted of about 22 million solid elements and
the solution time was about 104 hours.

Figure 4.19: Heterogeneous model for rod indentation simulation.

The load transferred through the contact between the tube and the casing was recorded
at predefined intervals. The resulting load-displacement curve is plotted in Fig. 4.20 and
is compared to the curves measured found from indentation experiments. Results show
that the heterogeneous rod indentation simulation can predict the loads measured during
experiments quite accurately, especially for higher load levels. The load causing mechanical
failure was found to be 67 kN which is also within the range of 64-68 kN measured for the
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experiments. A cross section of jellyroll under maximum deformation is displayed in Fig.
4.21. The deformed shape shows highly distorted layers on each side of the center tube.
Similar distortions were observed in the experiments through CT-scanning and microscopy
of crushed cells. Von-Mises stress contour for the casing is plotted in Fig. 4.22. High-stressed
areas are the locations where the casing undergoes plastic deformation.

Figure 4.20: Load-displacement curves found from rod indentation experiments and finite element
simulation.
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Figure 4.21: Cross section of jellyroll found from rod indentation simulation.

Figure 4.22: Von-Mises stress contour for the cell casing found from rod indentation simulation.
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Chapter 5
Module Level: Multi-Scale Finite Element Simulation

5.1

Finite Element Model of PM12 Module

In a battery pack used in electric vehicles, cells are placed in modules and therefore,
modeling impact on individual cells will not represent the real-life impacts that might occur
when an electric vehicle is in an accident. Thus, a finite element model of PM12 module
was also developed so that impact can also be studied on a module including 12 cylindrical
cells. A single heterogeneous cell model (Fig. 5.2b) takes several days to be solved on an
HPC cluster using 200 cores. Therefore, it is almost impossible to include 12 heterogeneous
cells in a model with a reasonable solution time. However, it is possible to simulate impact
on battery modules consisting of homogeneous cells and later apply the obtained deformations to the cell/cells of interest that incorporate individual jellyroll layers. A multi-scale
framework has been developed and is described in more details in Section 5.2. Jellyroll homogenization was performed in Chapter 2 and the homogeneous cell model was validated
using experiments in the previous chapter. Thus it will be a reasonable approach to use
homogeneous cell models in a battery module to decrease the solution time and still get the
same impact response as heterogeneous cells models. The approach is shown in Fig. 5.1
schematically. Jellyroll was characterized and homogenized experimentally which leads to
developing a homogeneous finite element model (Fig. 5.2a) of cylindrical cell. The impact
model was solved explicitly and drop-test results validated the homogenization approach and
simulations. The homogeneous cell model can now be used as batteries inside a complete
finite element model of a battery module.
The battery module is made of glass-fiber-reinforced polypropylene (PP-GF40). Because
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Figure 5.1: The process of developing battery module finite element model.

(a)

(b)
Figure 5.2: (a) Homogeneous cell model and (b) Heterogeneous cell model.
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of its relatively small thickness, shell elements were used to model the module. Although
it is made of two parts (the module itself and the top cover), the finite element model was
considered to be a single part because the cover will be completely fitted into the module
body and they will be bonded at multiple locations. 241,600 shell elements with thicknesses
changing from 1.4 to 3.2 mm were used to model the module. Material model 3 (Mat plastic kinematic) from LS-DYNA library was chosen with an elastic modulus of 7.85 GP a,
tensile strength of 96 M P a and maximum elongation of 1.85%. Similar to all of the other
finite element models in this study, module’s geometry and elements were generated using
ANSYS APDL before they were transferred to LS-DYNA using a custom-developed APDL
macro. Fig. 5.3 shows a module containing 12 cylindrical cells of type 6P and the finite
element model of the module including homogeneous cylindrical cells is depicted in Fig.
5.4. Surface-to-surface contacts were defined between each cell’s casing and the module to
prevent any interference between them during impact. There were also contacts between all
of the adjacent casings.

Figure 5.3: PM12 module containing 12 6P cylindrical cells.

5.2

Multiscale Simulation Scheme

The goal in simulating impact on lithium-ion batteries is to improve their safety by finding
the critical points with a high risk of short circuit occurrence due to excessive deformation of
cells during accidents. This cannot be accomplished by only using a module consisting of ho95

Figure 5.4: Finite element model of a PM12 module including homogeneous cells.
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mogeneous cell models because in a homogeneous jellyroll, current collectors and separators
are all grouped as a single material. In order to find the locations of potential short circuit,
we need to monitor thickness change in individual jellyroll layers specially separators. This,
calls for a heterogeneous model that accounts for anode, cathode and separator layers. Since
replacing all of the homogeneous cell models in a battery module with heterogeneous models
will be computationally very expensive, a multi-scale simulation approach is proposed that
is computationally inexpensive and also accounts for individual layers of jellyroll.

Figure 5.5: The process of multiscale simulation of impact on battery module.

The proposed multi-scale approach, schematically shown in Fig. 5.5, has several steps.
Starting with jellyroll layers of the battery under study, homogenization is performed on
jellyroll that leads to developing a homogeneous finite element model of the cell. Cells are
then incorporated in a module or pack and are solved under impact or crush loads of interest.
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The critical cell with the highest amount of deformation is then chosen to look into in more
details using a submodel. For the selected cell, displacement and velocity time histories
for the boundaries of the homogenized jellyroll are saved in a file at previously specified
intervals. In a subsequent analysis, the stored time-history data is used to apply equivalent
displacements to the boundaries of a heterogeneous jellyroll model. Therefore, in the second
analysis instead of having the entire module with all the cells, only one heterogeneous jellyroll
will be solved with the same deformation history of the homogenized jellyroll. For this step,
the sub-modeling (interface) feature of LS-DYNA is used. This sub-modeling feature is
a two-step process: the first analysis is done using Interface component keyword and the
second analysis uses Interface linking keyword in LS-DYNA. Fig. 5.6 shows the jellyroll
boundaries for which displacement and velocity time-histories were recorded. The boundary
consists of the interface between jellyroll and inner tube, the outer surface and the top and
bottom segments. No relevant standard could be found for impact testing requirements of

Figure 5.6: Cell boundary segments used for storing displacements data for submodeling.
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battery modules. An arbitrary impact weight and velocity was chosen to conduct an impact
simulation as a proof of concept. The battery module was placed on a rigid plate and another
rigid plate with a mass of 22.7 kg (50 lbs) and an initial velocity 7.37 m/s dropped onto the
module and the cells. All of the deformed cells were checked and the most deformed one was
chosen as the critical cell (see Fig. 5.7). The boundaries of the jellyroll of the critical cell
was specified in LS-DYNA (illustrated in Fig. 5.6) and the solution was repeated so that
displacement and velocity time histories of the boundary can be recorded. By considering the
jellyroll and not the cell itself as the sub-model, several contact commands were eliminated
and similar deformation on the jellyroll was obtained in a shorter solution time. The module
impact model with 1.5 million solid elements and 241,600 shell elements was solved on an
HPC cluster using 96 cores and the solution time was 10 hours.

(a)

(b)
Figure 5.7: Deformed shape of the module including 12 homogenized cells.

For the purpose of this study, one of the middle cells in the bottom was selected as the
critical cell. Fig. 5.8a shows the deformed shape of jellyroll and aluminum core of the chosen
99

cell that was obtained from the module impact simulation (i.e. Fig. 5.7). After running the
second simulation, sub-modeling was conducted on the heterogeneous cell, resulting in the
same overall deformation of the jellyroll. The subsequent solution was also solved on an HPC
cluster using 192 cores and the solution time was 33 hours for a model with 22 million solid
elements. Using the results from the heterogeneous jellyroll model, depicted in Fig. 5.8b,
deformation of each individual jellyroll layer can be studied. The most important cause of
internal short circuit and the subsequent thermal runaway is known to be separator thinning
and separator failure. A plot similar to Fig. 4.11 can be derived to study the change of
through-the-thickness strain in separator layers based on their radial location.

(b)

(a)

Figure 5.8: (a) Deformed shape of a homogeneous jellyroll after impact on the module and (b)
Deformed shape of the equivalent heterogeneous model.
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Chapter 6
Conclusions

We have carried out experimental and numerical characterization of the mechanical response of cylindrical lithium-ion battery cells used in EV/HEV applications to lateral impact,
rod impact and rod indentations. Highly nonlinear mechanical deformations were characterized experimentally using high-speed camera, computed tomography analysis and optical
microscopy of the deformed samples. Numerically, we have investigated feasibility of using
commercial explicit finite element software LS-DYNA for accurate modeling of impact in
one cell as well as in a battery module consisting of 12 cells. The proposed homogenization
methodology coupled with the developed explicit finite element model can be applied to
modeling live cells and battery packs subject to impact, which can be used as an effective
design tool for batteries. It can also give insight into catastrophic failure prevention for EV/
HEV battery packs due to impact. The following conclusions can be drawn from the results
of this study:

6.1

Jellyroll Characterization/Homogenization

• Two proposed homogenization methods for the jellyroll in a cylindrical lithium-ion
battery cell produced similar mechanical response of the homogenized material for
relatively small strains. However, for the strains larger than 0.1, the difference between
the two material models would gradually increase and was as large as 25% for a strain
level of 0.3.
• The virtual work method of homogenization can be accurate for smaller cells, while
for larger cells, such as 6P-JCI cells, the direct experimental homogenization using flat
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samples is the preferred method of determining the effective material properties of the
jellyroll.
• A series of experiments were carried out to find the compressive properties of the
jellyroll saturated in DMC solvent. Comparison with previous results for the dry
jellyroll showed that DMC solvent does not significantly change the resulting stressstrain relation.
• Individual layers of the jellyroll were also tested under lateral compression to find their
constitutive behavior. Based on the resulting stress-strain curves, coated copper layers
were twice as stiff as coated aluminum layers and separator layers had a significantly
smaller share in the total jellyroll’s compressive stiffness.
• Previous jellyroll dry/wet compression tests were repeated using an Instron 5985 testing
machine with a 250 kN load cell to achieve higher strain levels and the LVDT deflection
sensor to obtain more accurate displacement measurements. The new results proved
again that existence of DMC solvent has negligible effects on the jellyroll’s stress-strain
curve. The only difference was that the experiments using LVDT showed a slightly
higher stiffness for saturated samples while in previous tests, dry jellyroll samples
seemed to have a higher stiffness.
• Effects of DMC electrolyte solvent on individual layers’ stress-strain curves were also
studied. When DMC solvent is present, all of the three types of jellyroll layers, i.e.
anode, cathode and separator, fail at lower stress values compared to dry conditions.
Separator layers and coated aluminum layers have an overall higher stiffness when
there is no electrolyte solvent. However, for coated copper layers, DMC solvent seems
to inversely affect the mechanical properties and there is a higher stiffness for saturated
samples before failure.
• Jellyroll compression tests were conducted at different rates to study the strain-rate
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dependence of the jellyroll’s mechanical properties. Comparing the obtained stressstrain curves showed that the rate of applying the load did not significantly change the
jellyroll’s stiffness. The jellyroll gets slightly stiffer when the displacement is increased
to 8 mm/min while, for larger strain-rates, the stiffness drops marginally.
• Scanning electron microscopy was used to study pore closure behavior of separator
layers under compression. SEM images showed that the number of pores dropped
significantly when the compressive load increased. Pore size also linearly declined with
higher through-the-thickness load.

6.2

Cell Level: Impact and Indentation Experiments

• Battery cells were impact tested using a drop test apparatus where a rigid drop cart
was dropped onto a stationary cell. Cells were tested using 11.34 kg and 22.68 kg drop
weights, each in two orientations where the cell terminals were aligned in vertical or
horizontal directions. The experiments showed that cell orientation does not make a
significant difference in the overall deformation of the cell and jellyroll.
• A 3-D finite element model of the cell was developed using the crushable foam material
model utilizing experimentally obtained effective material properties for the jellyroll.
Explicit impact simulations were conducted using LS-DYNA. The deformed shape of
the cell found from simulations was in good agreement with the experimental measurements. Impact load and velocity was derived from the finite element analysis and
the impact time was estimated to be 3 and 4 ms for 11.34 kg and 22.68 kg drop tests,
respectively.
• A heterogeneous finite element model of the jellyroll was developed in LS-DYNA to
simulate behavior of the cell under lateral impact between two rigid plates. Stressstrain properties found from the experiments were incorporated into the finite element
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model.
• Deformed shape, impact velocity and impact load from the heterogeneous simulation
were compared to the results found from the homogeneous simulation and CT-scans
of previous experiments and validated the finite element model.
• A steel rod of diameter 15.8 mm was placed across the center of the cell and a 9.07
kg drop-cart released from a height of 0.635 m to impact the bar based on UN DOT
38.3 requirements. For the second test, the drop height was increased to 2.76 m,
the maximum capacity of the drop-test apparatus. The final experiment included
a cell experiencing an impact from the maximum height with a drop-mass of 14.15
kg. Resistance between the terminals was measured for all three samples using a
multimeter. No short circuit was detected in the samples.
• Drop duration and acceleration was measured accurately using two accelerometers/shock
sensors attached to the drop cart. The sensor data showed an acceleration of 0.85g,
0.76g and 0.80g for the impact samples A, B and C respectively, which means there
were velocity losses due to friction and probably trapped air below the drop cart in the
enclosed test section.
• 10 samples (5 horizontal and 5 vertical terminals) were tested under steady compression
where the sample was placed on the fixed end of a universal testing machine and the
moving end pressed against a 15.8 mm steel rod on the center of the cell. Loaddisplacement curves showed similar results for vertical and horizontal orientations.
The results showed that mechanical failure occurs at about 64-68 kN and 19-20 mm
indentation, regardless of terminal orientation.
• The cells were connected to a simple circuit and a power supply to monitor any resistance and voltage changes during the steady compression tests. Measurements showed
that a short circuit occurred at an indentation distance of 17.5-19 mm. There was
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no obvious correlation between the orientation of cell terminals and the short circuit
occurrence level.
• The cross section of crushed samples was studied with optical microscopy using magnification factors of 6.5x to 200x. Jellyroll layers were highly distorted on the left and
right sides of battery’s aluminum core. The layers adjacent to the testing machine
compression platens were highly compressed, resulting in thin separator layers. Contact between the anode and cathode was observed in a sample tested under steady
indentation. Also, a crack in one of the copper layers near the aluminum core had
been developed likely due to high tensile loads.
• Homogeneous and heterogeneous finite element models were developed in LS-DYNA
to simulate rod impact and steady indentation experiments. The heterogeneous model
could predict an overall load-displacement curve similar to the indentation test results.
Deformation found from the heterogeneous model showed the same distortions observed
in the layers through microscopy.

6.3

Module Level: Multi-Scale Simulation

• The goal of this work was to develop a multi-scale finite element framework to study
impact on lithium-ion modules. A PM12 module, consisting of 12 6P cylindrical cells,
both manufactured by Johnson Controls Inc., was considered for this simulation.
• A finite element model of PM12 battery module was developed. Assembly of the
module and 12 homogenized cell models were analyzed under impact between two
rigid plates. Among the deformed cells, the one with highest amount of deformation
was chosen as the critical cell.
• For the critical cell, surrounding areas of the jellyroll were considered as the sub-model
boundary. The module impact solution was repeated to save displacement and velocity
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time histories of the sub-model boundary.
• The recorded displacements and velocities were transferred to a heterogeneous jellyroll model and after solving the model, an overall deformation similar to the one for
homogenized jellyroll model was obtained. The results from the heterogeneous model
could potentially show deformations, stresses and strains of individual jellyroll layers.

6.4

Future Work

The present work can be improved and further extended in various aspects. The following
ideas are some pathways for future research in this area:
• In order to better understand thermal runaway phenomenon, thermal analysis can be
conducted in the cell and module levels. Effects of impact and deformations on heat
generation inside the cell can be studied.
• A multi-physics (structural-thermal-electrochemical) finite element simulation can provide more insight into the behavior of lithium-ion batteries under abnormal conditions.
• The proposed multi-scale simulation approach can be scaled up to battery packs and
scaled down to several jellyroll layers.
• When proper safety provisions are considered, the proposed approach can be used to
test live battery cells with real-time monitoring of relevant data such as temperature,
voltage and etc.
• A generalized set of characterization experiments can be performed on jellyroll layers to
find their mechanical properties in all direction. This will help use anisotropic material
models which are better suited for jellyroll layers.
• Impact and compression tests and simulations can be conducted in the axial directions
to study buckling and wrinkling behaviors of casing and jellyroll layers.
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